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ABSTRACT 
Fuel cell technology is one of the emerging energy technologies, both for stationary 
applications (block power stations) and mobile applications (portable electrical devices). 
In a standard fuel cell the chemical energy of fuels such as CH30H or H2 is transformed 
to electrical energy. High energy efficiency and low emissions make the fuel cell 
technology attractive compared to traditional combustion engines. 
The main obstacles to large scale commercialisation of Polymer Exchange Membrane 
Fuel Cells (PEMFC) are rooted in the proton conducting membrane, which is the most 
important component of this device. The primary requisites of the hydrated membranes 
are: a) high proton conductivity at relatively low humidity levels; b) low fuel 
permeability; c) high chemical, thermal and mechanical stability. Among the different 
polymeric membranes studied for fuel cell applications only the perfluorosulphonic acid 
lOnomers membranes, such as Nafion®, are actually used commercially. These 
represent the type of membrane with the best performance at low and medium 
temperature (60-80°C) for hydrogen or methanol fuel cells. There are, however, current 
extensive research efforts for the development of newer proton conducting membranes 
for fuel cells. Nafion is expensive, mechanically unstable at temperatures above 100°C, 
highly permeable to methanol in direct fuel cell systems and membranes are conductive 
only when soaked in water which limits fuel cell operating temperatures to 80°C. Thus 
the search for membranes that are mechanically and chemically stable at higher 
temperatures is an active challenge. The efforts to develop high temperature membranes 
include both the modification of the existing ionomeric polymer through the 
incorporation of various hygroscopic inorganic nano-sized particles and the synthesis of 
new polymer systems. 
The present research IS focused on development of composite membranes by 
hybridization of commercial Nafion through a sol-gel procedure. This approach allows 
the incorporation of inorganic tailored nano-sized particles within the polymeric 
framework. In this case the inorganic phase consists of polysiloxane domains obtained 
by reacting mercaptopropyltriethoxysilane and tetraethoxysilane over a wide molar 
range and allowing their hydrolysis and condensation through various treatments. After 
the formation of the mercapto functionalised polysiloxane within the polymeric 
structure, the mercapto groups (-SH) are oxidized to sulphonic groups (-S03H) in order 
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to add new ionic groups in the membranes. This approach allows the dilution effect of 
the Nafion sulphonic groups resulting from the incorporation of the inorganic phase to 
be minimized. The hybrid membranes are synthesized with the aim of increasing the 
proton conductivity and the water retention by the membrane at low, medium and high 
temperatures (respectively 40, 80 and 120°C) and at low relative humidity (30-80%RH), 
in order to reduce the fuel methanol crossover through the membrane and also to 
improve the thermo-mechanical properties. As far as the sol gel procedure is concerned, 
two different approaches are used. The first is related to the incorporation of a silica 
precursor solution into the pre-swelled cluster morphology of commercial Nafion 
membranes. In this case the clusters act as a nano reactor able to assist the growth of the 
nano particles of silica in the hydrophilic region of the membranes. The second 
approach to the production of hybrid· composite membranes comprises the casting of the 
silica precursor solution premixed with a Nafion solution. This procedure makes it 
possible to obtain hybrid materials where there are two co-continuous phases, inorganic 
and polymeric phases, dispersed throughout the material. The morphology of the two 
phases is dependent on the rate of the sol-gel solvent evaporation during the casting 
procedure. The slower the rate of solvent evaporation the more interpenetrated and 
homogenously dispersed at nanosized level is the polysiloxane inside the Nafion 
polymer. In both cases the membranes synthesized are completely transparent and 
homogeneous which is indicative of a fine dispersion of the organo modified silica 
domains within the Nafion membranes. This efficient dispersion is favoured by 
electrostatic interactions between the ionic -S03H groups of Nafion polymer and the 
hydrophilic surface of inorganic nano particles which prevent any phase separation. 
Various experimental techniques namely FTIR (Fourier Transformed Infrared 
Spectroscopy), Impedance spectroscopy for ionic conductivity measurements, Ion 
Exchange Capacity, Methanol cross-over, Scanning Electron Microscope (SEM), 
Thermal Gravimetric Analysis (TGA), Water vapour sorption, XRay diffraction (XRD) 
and Small Angle XRay Scattering (SAXS) and Dynamic Mechanical Analysis (DMA) 
were employed to characterize the composite membranes. Furthermore time resolved 
FTIR spectroscopy was used to detect the nature of the interactions which take place 
during the water vapour sorption between water and specific interacting sites (i.e. 
polysiloxane surface and S03H groups) present in the hybrid membranes. 
Keywords: Nafion®; Hybrid membranes; Sol-Gel approach; Sulfonated polysiloxanes; 
Water sorption; Proton conductivity. 
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CHAPTERl 
1 Fuel Cell Fundamentals 
1.1 Introduction 
A fuel cell l is defined as an electrochemical device that converts chemical energy into 
electrical energy through coupled oxidation/reduction reactions. Basically, a fuel cell 
uses the reverse process of the electrolysis, that is hydrogen and oxygen are combined 
by oxidation/reduction reactions to form water and to produce energy. The oxygen is 
easily obtained from air, whereas hydrogen is easily produced from hydrocarbon 
reforming. Since hydrogen gas is difficult to store safely at low costs, over the last years 
the liquid methanol has become very attractive as fuel and the Direct Methanol Fuel 
Cells (DMFCs) are widely used in many applications. 
The principle behind fuel cells was discovered as early as 1839 by Sir William Grove. 
The technology was not significantly used until the American Gemini space missions of 
the 1960's. In the last fifteen years fuel cells have gained more importance owing to the 
lack of suitable power sources, the diminishing of petrol resources and their associated 
high electrical power densities. 
The single fuel cell comprises several components. There are two gas diffusion plates, 
which permit the fuel and the oxygen gas to reach the electrodes. There are two 
electrodes, where the oxidation/reduction reactions are performed and an electrolyte, 
which assures the ionic conduction between the electrodes without making electrical 
contact (see Figure 1). 
The characteristics of fuel cell vary according to the type of electrolyte used, which can 
be liquid or solid. Among these last, the Polymeric Exchange Membrane Fuel Cells 
(PEMFCs) have become very attractive for some applications where the key 
requirement is the reduced size (i.e. portable devices). 
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Anode 
GraPhi1c Plate 
(RegionT) 
. Anode: Hi-> 2H++2e-
Cathode: 11202 -f. 2H+ +2e- ~ H20 
Figure 1. Schematic of PEMFC with different components: diffusion 
plates (layers Sand T), gas-diffusion layers (layers D and E), 
electrodes (layers A and C) and membrane (layer B)2 
In a PEMFC the Membrane Electrode Assembly (layers A, Band C all together) is 
placed between the gas-diffusion layers (layers D and E) and they are all sandwiched 
between two graphite plate current collectors, with machined micro channels (layers S 
and T) for gas distribution. 
The gas-diffusion layer (GDL) serves as the electron collector and a diffuser for reactant 
gases as well as for liquid water. The Polymer Electrolyte Membrane (PEM) (layer B) 
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requires water for effective proton transport. This condition limits the practical 
operating temperature of atmospheric fuel cells to about 800e (when water vapour 
pressure is roughly half an atmosphere). However, if the pores of the gas diffusion 
layers are flooded by liquid water, transport of oxygen and hydrogen to the catalyst 
layers is impeded, severely limiting the fuel cell performance. This is avoided by 
imparting a hydrophobic character to the gas-diffusion layers to allow the co-existence 
of gas and liquid phases within pores. The gas diffusion layer typically involves a 
carbon cloth, about 350 !lm in thickness and woven from carbon fibers, on the one side 
of which the catalyst layer is deposited. The carbon cloth is treated with 40-70% wtlwt 
poly-tetrafluoroethylene (PTFE, e.g., Teflon®) mixed with 10-20 nm carbon particles 
followed by melting the PTFE and rendering it quite hydrophobic. 
The catalyst layer is 5-50 !lm in thickness and contains Pt domains, roughly 2-4 nm in 
diameter, supported on the surface of largely non-porous carbon black particles, around 
30 nm in diameter. The interstitial spaces between the carbon particles are filled with an 
ionomer (e.g., Nafion®) solution to allow proton transport. A polymer electrolyte 
membrane is hot-pressed at a temperature slightly above its glass transition temperature 
between the two electrodes such that the catalyst layers are on either side of the 
membrane. 
The electrons produced at the anode catalyst surface are conducted via the carbon 
catalyst support and the carbon fibers to the current collector and so to the external 
circuit. The protons diffuse through the ionomer solution within the catalyst layer and 
then through the PEM to arrive at the cathode. The catalyst layer is, thus, designed to 
maximize the interfacial area among its various phases, namely, the catalyst crystallites, 
the carbon support, the hydrophilic region consisting of ionomer, and any hydrophobic 
. region containing Teflon. 
In addition to good interfacial contact among the layers, the continuity of the respective 
phases for electronic and protonic conduction has to be realized by adopting the right 
amount of ionomeric solution. If there is too little ionomer, for instance, the proton 
conduction pathway will be fragmented. On the other hand, too much ionomer could 
compromise electronic conductivity by further distancing the carbon particles and 
increasing the path length for proton conduction. 
The electrolyte membrane generally consists of ionic groups bound to the polymeric 
backbone which in presence of water dissociate to produce hydronium ions responsible 
for proton conduction. Among the ionomeric membranes the perfluorosuphonic acid 
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membranes such as Nafion® produced by Du Pont (and similar membranes produced 
by Dow, W.L. Gore, and Asahi Glass) are based on fluorocarbon, Teflon-like, backbone 
with side-chains culminating in -S03H groups. There are many studies on the 
nanostructural aspects of the Nafion membranes. The conductivity of Nafion is 
extremely sensitive to relative humidity (RH), being essentially an insulator below a 
threshold of about 10% RH and rising through several orders of magnitude to about 
0.07 S/cm at 80 °C and 100% RH. 
A Direct Methanol Fuel Cell (DMFC) is an exception to the rule which categorizes fuel 
cells by electrolytes. In this case, it is the fuel that defines the character of the fuel cell. 
Dilute methanol is forced through the anode as the fuel and it is broken down to protons 
and electrons and water. Figure 2 illustrates the working principle of DMFCs. 
e- r .. 
H+ H+ H" 
Pol)"'lner 
Electrolyte 
1Vlembralle 
/ 
H+ 
H+ 
~ Cathode electrode 
H20 Exhaust 
Figure 2. Working principles ofDMFCs3 
Methanol is introduced to the anode where it is split into protons and free electrons and 
gives out carbon dioxide. The protons flow through the polymeric membrane to the 
cathode where the air or the oxygen is introduced. At the cathode the hydrogen ions 
react with oxygen to form water and the movement of free electrons from anode to 
cathode creates a current that can be used as electrical power. 
The anode, cathode, and overall cell reactions, respectively, are as follows : 
CH30H + H20 ---7 6H+ + 6e- + CO2 
3/202 + 6H+ + 6e- ---7 3H20 
CH30H + 3120 2 ---7 2H20 + CO2 
(anodic half reaction) 
(cathodic half reaction) 
(overall reaction) 
Presently a large amount of research is carried out on direct methanol fuel cells, because 
a fuel cell which runs directly on liquid fuel would offer dramatic advantages as it 
avoids the problem associated with storage of hydrogen or the need for bulky refonners. 
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The major problem connected with use of methanol as fuel is represented by its high 
crossover through the electrolyte, meaning that the fuel molecules diffuse directly 
through the electrolyte to the cathode electrode. As much as 30% of the methanol can be 
lost in this way, which severely compromises the efficiency of the fuel cell . 
1.2 Thermodynamic Aspects 
According to the first law of thermodynamics, an energy balance on a fuel cell shows 
that 
dldt (Q + W e1ec) = dldt (H + KE +PE) Eq. l) 
where the term on the left accounts for the energy transferred as heat and work between 
the fuel cell and the surroundings while the term on the right accounts for the internal, 
kinetic and potential energy changes involved in the system at constant pressure and 
volume. 
Kinetic energy (KE) and potential energy (PE) changes are assumed to be negligible, 
and steady state operation is assumed. A "perfect" fuel cell operating irreversibly is one 
for which Q = T &. Thus, the electrical power output W elec is 
W, = !ill - T!1S =!::.G e ec Eq. 2) 
If there are no losses in the fuel cell or as we should more properly say if the process is 
reversible then the Gibbs free energy associated to the reaction at the base of the fuel 
cell is converted into electrical energy. 
In a hydrogen fuel cell, the anode reaction is the oxidation of hydrogen : 
The electrons pass through the external load to provide the desired current and arrive at 
the cathode, where the reduction reaction takes place: 
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Electrostatic balance is reached as the hydrogen ions diffuse through the electrolyte to 
get to the cathode: 
At standard conditions (T=25°C, partial pressures of 1 atm for each of the gases, and 
water in the liquid state), the theoretical energy release of the overall reaction is given 
by the Gibbs free energy change: 
H2 (g) + 12 O2 (g) = H20 (1) 
(LlliO = -285.8 kl/mol; LlGo = -237.2 kl/mol) 
where LlJ{0 and LlGo are respectively the enthalpy and the Gibbs free energy. 
The change in standard free energy can be used to calculate the maximum reversible 
voltage provided by the cell: 
Eq. 3) 
where n is the number of electrons in the reaction, F is Faraday' s constant (96487 
Coulombs per mole of electrons), and E; is the standard reversible potential. For n=2 it 
is found that E,~ =1.229 V which represents the reversible open circuit voltage of the 
hydrogen fuel cell. 
Outside standard conditions the real reversible voltage for hydrogen oxidation IS 
expressed by Nernst equation4: 
( 
1/ 2 J o RT AN Ao 
Er = Er +-1n 2 2 Eq.4) 
nF AN20 
E; is the standard potential, n is the number of electrons in the electrochemical 
reaction, R is the gas constant, T is the temperature, F is the Coulomb constant and A's 
are the activities of the various species (in this case the partial pressures for hydrogen 
and oxygen). The activity for water is I since it is in the liquid fOnTI . The above 
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equation shows how raising the activity of the reactants increases the real reversible 
voltage. 
The relationship between voltage and temperature is derived from the free energy, 
which is linearized about the standard condition of 25°C, and by assuming that the 
enthalpy change &f remains constant and independent of changes in temperature: 
Er =_I1G =_(11H -TI1S ) 
nF nF 
M =dErl1T 
r dT 
M r = I1S (T-25 0 C) 
nF 
Eq.5) 
Because the change in entropy is negative, the open-circuit voltage output decreases 
with increasing temperature. This means that fuel cell is theoretically more efficient at 
low temperatures. However, other effects like mass transport and ionic conduction 
being faster at higher temperatures will offset the drop in open-circuit voltage. 
1.3 Kinetics Aspects 
The cell potential, however, is affected by some irreversibilities or "overpotentials" 5. 
These losses are most often shown in what is known as a Tafel plot (see Figure 3) that 
reports the cell potential against the cell current density. The current density is basically 
a measure of the rate of the reaction that is taking place (that is the number of electrons 
per second, divided by the surface area of the fuel cell electrolyte face) . The power 
curve as a function of current goes through a maximum at high current density. 
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The "overpotential", generally referred to as 7], is due to vanous irreversible loss 
mechanisms and it is defmed as the deviation of the cell potential E from the theoretical 
Er: 
7] = E - Er Eq. 6) 
In a fuel cell overpotentials originate from the following three sources: 
• Activation overpotential 
• Ohmic losses 
• Diffusion overpotential 
Activation overpotential arises from the kinetics of charge transfer reactions across the 
electrode-electrolyte interface. To drive the dissociation of the oxygen and hydrogen 
molecules quickly, certain activation energy must be exceeded. The oxygen and 
hydrogen molecules must diffuse in through pores in the metal catalyst and become 
adsorbed. This is a "three phase interface problem," since gaseous fuel , solid metal 
catalyst, and liquid electrolyte must all be in contact. The catalyst reduces the height of 
the activation barrier but a loss in voltage remains due to the slow oxygen reaction. 
Ohmic overpotential results from electrical resistance losses in the cell mainly in the 
ionic conduction through the electrolyte. 
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Diffusion overpotential is caused by mass transfer limitations on the availability of the 
reactants near the electrodes. At very high current densities, mass transport causes a 
rapid drop-off in the voltage, because oxygen and hydrogen cannot diffuse through the 
electrode and ionise fast enough. 
The effect of activation overpotential is seen in the Figure 3 as a rapid drop of the 
voltage at low current density. The middle region is governed by Ohmic losses whereas 
the diffusion overpotential is the dominating loss mechanism at higher current densities . 
1.4 Water management 
In a fuel cell the electrodes and the electrolyte must be kept wet in order to allow proton 
conduction6. Water enters the system from externally humidified hydrogen and/or air 
streams and from the electrochemical reaction generation at the cathode. Due to 
hydrogen bonding, on average 1 to 2.5 water molecules are dragged along with each 
proton as it migrates from the anode to the cathode; this is known as "electro-osmotic 
drag." 
Water also flows in the other direction due to back-diffusion, since the concentration of 
water in the cathode electrode is much higher than at the anode electrode. Water exits 
the system at the cathode as a blown-out liquid or vapour. 
The greatest danger posed by the loss of water is drying out of the electrolyte at the 
electrodes or in the membrane. This leads to overheating, current loss and damage to the 
membrane. On the other hand, if too much liquid water accumulates at an electrode, it 
can block the diffusion of gas to that electrode, preventing dissociation and causing the 
slow down of the overall generation of electricity. 
The different water movements are shown in Figure 4. 
flow channel 
anode 
diffusion 
hydraulic 
permeation 
membrane 
water 
production 
cathode 
flow channel 
air/02+ Hp 
Figure 4. Several water movements in PEMFC i 
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1.5 Heat management 
The operating temperature of the fuel cell affects various factors. At higher operating 
temperatures the water produced at cathode electrode is vapourised, so that more of the 
heat is used as latent heat of vapourisation and less liquid water is left to be removed 
from the fuel cell. At the present the upper limit for the operation temperature of 
PEMFCs is about 90°C because water evaporates from the membrane and the 
performance drops accordingly causing permanent damage to the membrane. 
A large amount of work is currently done on the optimisation of conventional 
membranes and the developing of new materials that can operate at higher temperatures 
while retaining the high power density of PEMFCs. 
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CHAPTER 2 
2.1 Sol-Gel Chemistry and Process Background 
2.1.1 Introduction 
Sol-Gel process represents a valid and environmentally sustainable technology to 
produce bulk glasses or ceramics at low costs without melting of the inorganic precursor 
phases. 
A sol is defined as a colloidal suspensIon ID a liquid of solid particles, whose 
dimensions, in the range of 1-1000 nm, are small enough to ignore the gravity force. 
The interactions between the particles are dominated by short-range forces (i.e. Van der 
Waals and superficial charges). 
A gel can be defined as a continuous solid structure that contains a continuous liquid 
phase. 
The chemical synthesis of gel for usmg as glass/ceramic precursors involves the 
polymerization of hydrolyzed metal alkoxides or metal salts in hydro-alcoholic 
solutions. The general sol-gel reaction scheme is composed of a series of hydrolysis 
steps in conjunction with condensation steps. The hydrolysis and condensation reactions 
can be catalyzed by the addition both acids and bases? 
The hydrolysis reaction of metal alkoxides M(OR)m where M represent Si , Zr, . .. etc 
atoms involves the replacement of alkoxy groups with hydroxyl groups: 
M(OR)m + --..... M(OH)m_x(OR)x + (m-x)R(OH) 
For network formation it is necessary that the hydroxyl groups condense with each other 
eliminating water according the scheme: 
_ M - OH + _ M -OH --.~ - M -O-M - + H20 
The previous two reactions occur simultaneously. Furthermore the presence of partially 
hydrolyzed molecules allows the reactions between =MOH and ROM= groups, releasing 
alcohol instead of water, according to the scheme: 
_ M - OH + === M -OR --... === M -O-M - + ROH 
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The concentrations of unbydrolyzed alkoxy and uncondensed hydroxyl groups depend 
on many variables: water content, reaction time, nature of the alkoxide, solvent, pH and 
thermal history. 
It is worth noting that according the setting of these variables and the choice of the 
processing conditions in terms of acid or basic catalysis the gelation process can change 
completely and also the microstructure of the produced gels (as shown later). 
The sol-gel process involves several stages: 
• Hydrolysis of the precursors with the formation of hydroxide species; 
• Condensation with the formation of oxide species; 
• Gelation with the formation of a "spanning cluster" yielding a network which 
entraps the remaining solution; 
• Ageing with the formation of further crosslinks which change the structure in 
pore sizes and pore wall strengths; 
• Drying with the loss of solvent and the associated development of capillary 
stress; 
• Densification with the collapse of the open structure and formation of a dense 
material. 
Any of these phases has a great influence on the properties of the resulting material and 
the great number of variables involved makes the control of the whole process still very 
empirical. Therefore a detailed knowledge of the chemical mechanisms, which permits 
the control of the properties of the final amorphous material at a molecular scale and to 
synthesize defmed structures, is a great challenge for the material scientists. 
Figure 5 shows a schematic representation of the several approaches, techniques and 
materials which can be obtained by sol-gel chemistry. 
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Figure 5. Sol-gel process: different routes possible to synthesize 
different materials 7 
2.1.2 Precursors 
dense 
ceramic 
The silicon alkoxides are the most widely used reagents in the sol-gel process. There are 
several silicon alkoxides (alkoxysilanes) commercially available, but the most 
frequently used is tetraethoxysilane (TEOS). 
The starting sol-gel mixture typically involves, along with the alkoxysilane, water and a 
solvent to allow complete miscibility. The latter is commonly an alcohol, often ethanol 
but could be also a polar solvent such as dimethylfonnamide. The rates of hydrolysis 
and condensation reactions are controlled by using an acidic or basic catalyst. 
In addition to tetralkoxysilanes, sol-gel precursors include also organofunctional 
alkoxysilanes which are useful for modifying the inorganic network because of the 
presence of the non-hydrolysable groups. 
2.1.3 Hydrolysis and condensation mechanism 
The first step in the fonnation of the sol is represented by the hydrolysis reaction of the 
precursors. This reaction involves a nucleophilic attack of the water molecule to the 
central silicon atom of the alkoxysilane, followed by a proton transfer from H20 to an 
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alkoxy group OR, and the exit of an alcohol molecule which is substituted by the OH 
group. Often acid or basic catalysis is necessary because of the slow reaction rate of the 
hydrolysis process. 
The hydrolysis mechanisms related to the action of acidic and basic catalysts for 
tetraethoxysilane were suggested by Aelion et al. 8 and successively elaborated by 
Keefer>. 
In the basic mechanism, the reaction proceeds through a nucleophilic substitution. The 
hydroxide nucleophile coordinates with the silicon, forming a transient trigonal-
bipyramid intermediate; the alkoxide group positioned at the opposite site leaves the 
intermediate and reacting with water leads to the renewal of the catalyst. 
Rct, 
+ Si-OR 
/ 
RO 
RQ OR 
-SI 
HO----Si----OR 
I 
OR 
-
Figure 6. Mechanism of base-catalysed hydrolysis by nucleophilic 
substitution (R = H, Et or Si(OR)3) 
In the acidic catalyzed mechanism the hydrolysis reaction takes place as an electrophilic 
reaction. The hydronium ion approaches the alkoxysilane molecule to form an activated 
complex. Afterwards the water molecule becomes the entering species while one 
alkoxide group positioned at the opposite side becomes the leaving groups as alcohol. 
RO I;i R~.' : 
H20 : ~ Jr-,,:/R 
RO 
H OR -C:~Si( + HOR~ ~/ ~RR 
Figure 7. Mechanism of acid-catalysed hydrolysis by electrophilic reaction 
The condensation reaction takes place as soon as some hydrolyzed precursor molecules 
are present in the solution and it occurs at the same time and with the same reaction path 
as the hydrolysis, depending on the quantity of water and catalyst present in solution. 
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Condensation in the pH range 3-12 firstly proposed by IlerlO is a nucleophilic 
substitution reaction, where a protonated silanol is attacked by a deprotonated silanol 
(the nucleophile), forming a =Si-O-Si= bond and displacing a hydroxyl in the process. 
R~4' R~" 
'/"-0- + ,r-oH 
RO RO 
R~\ fR 
Si--O---'Sj-"'OH / p. 
RO RO tR 
'OH 
Figure 8. Mechanism of condensation by nucleophilic substitution. 
In acid conditions (pH<3), the mechanism of condensation changes from nucleophilic to 
electrophilic. The SiOH group available is protonated and becomes the electrophile. 
R~, JR 
---4"_ Si-.-O-Si. + 
/ ~~ 
RO OROR 
Figure 9. Mechanism of condensation by electrophilic substitution. 
2.1.4 Factors affecting hydrolysis/condensation reactions 
2.1.4.1 Nature o/catalyst 
The nature of the catalyst determines the relative rates of hydrolysis and condensation 
reactions and therefore it affects the typology of gel in terms of open network structure 
or dense network structure. 
Aelion et al 8 reported that the rate and extent of alkoxide hydrolysis are greatly 
influenced by the dissociation constant and concentration of the acid or base catalyst. In 
the presence of HCI the hydrolysis rate is proportional to the concentration of the acid. On 
the contrary, they found very low rates of reaction with weak acids. 
Regarding the hydrolysis under basic conditions with NaOH catalyst, Aelion et al. 8 
reported a first order kinetics with respect to TEOS in dilute solution, although at higher 
concentrations of monomer the reaction was complicated by the formation of insoluble 
polysilicates. Weaker bases such as NH40H and pyridine were only effective as 
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catalysts at higher concentrations. Also, in comparison to acid catalyzed hydrolysis, 
their results revealed a more pronounced dependence of the base catalyzed hydrolysis 
on solvent nature. 
2.1.4.2 pH of solution 
In reactions under basic conditions the hydrolysis steps successive to the first one are 
faster, since the silanols ((OR)3SiOH) obtained replacing the alkoxy groups on the 
silicon with hydroxyl group are more acidic and so more prone to be attacked by 
hydroxide ions 11. The overall kinetics of the basic catalyzed process are ruled by the 
formation of the first silanol because this is the slower step. The silanols just generated 
are immediately used up by fast condensation, leaving no intermediates in the reaction 
medium12• The result of basic catalysis is an aggregation (monomer-cluster) of highly 
crosslinked sol particles to form gels with large pores between the interconnected 
particles. 
Under acid-catalyzed conditions the hydrolysis reaction is speeded up more efficiently 
than the condensation reaction producing weakly cross-linked. or linear polymers. 
Condensation involves the attack of silicon atoms carrying protonated silanol species by 
neutral SiOH nucleophiles. The most basic silanol species are those contained in 
monomers or weakly branched oligomers so condensation is limited and a bushy 
network of weakly branched polymers can be obtained. 
2.1.4.3 Water 
According to the theoretical models proposed by Bechtold et al.13 the minimum molar 
ratio water/alkoxide (r) required for hydrolysis to go to completion is 2. This ratio 
assures the formation of silicate network Si(04)1I2, completely void of hydroxyl groups. 
Otherwise Yoldas l4 showed that with r equal to 4 orthosilicic acid is formed, which has 
a very large intermolecular separation, and therefore is unable to polymerize. 
In practical terms, excess of water (r > 2) is expected to cause an increase in the rate of 
hydrolysis compared to condensation 1 5. In acidic conditions, hydrolysis predominates 
and goes to completion, leading to a decrease iri the content of intermediates and to the 
development of a more cross linked polymerl6. This bahaviour justifies the formation of 
chain-like aggregates because under low water conditions the condensation of 
hydrolyzed monomer (whose product is water) is inhibited by a shift of the 
condensation equilibrium in favour of the reverse reaction, consequently encouraging 
further hydrolysis 17. 
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The effects of water in basic conditions are not dissimilar to those for acidic conditions. 
An excess of water affects hydrolysis more than condensation. 
2.1.4.4 Solvent 
An important factor in sol-gel reactions is the type of solvent used. It affects the rates of 
hydrolysis and condensation and, consequently, also the structural development of the 
polysiloxane domains. 
Several types of solvents have been also used such as polar pro tic, (H20, methanol and 
formamide), polar aprotic, (DMF, THF and acetonitrile), and non-polar aprotic, 
(dioxane). 
The polar aprotic solvents inhibit the condensation reactions by deactivating the 
nucleophile through H-bonding and solvation18. Non-polar aprotic solvents, on the other 
hand, cannot impede the condensation process because they offer no possibilities of 
either H-bonding or solvation on the negatively charged ions. 
Alcoholic solvents, such as ethanol (EtOH) and propanol (PrO H) form azeotropic 
mixtures with water. The azeotrope, which has a higher vapour pressure than each 
single component, evapourates first and leaves behind either water or alcohol 
(depending on their initial amount). If the alcohol is in excess, silanols re-esterify and 
the water produced is readily removed as part of the azeotrope, thus driving the reverse 
alkoxylation reaction to completion. Therefore, because the hydrolysis reaction is 
thermodynamically favorable, the composition of the sol-gel solution should be 
optimized in order to ensure that water (and not the alcohol) evapourates last19• 
2.1.4.5 Alkoxide typology 
Aelion et al. 8 determined that the rate of hydrolysis decreases with the increasing of the 
length of the alkyl radical explaining the result as an increase of steric impediment of 
the longer alkoxy. Condensation is also affected by the nature of the alkyl radical, since 
the mobility of intermediate species having long non-hydrolysed groups attached to 
them, is reduced. 
The network structure depends strongly on the functionality of the monomer. This 
parameter represents the number of alkoxide groups which are potentially leaving 
groups. If, indeed, the functionality is equal to 2 such as in structures like R' 2Si(OR)2 
only linear or ring aggregates are formed. When the functionality is equal to 1 as in 
structure like R' 3SiOR it is impossible to produce chain aggregates because the 
monomers behaves as chain terminators7• To obtain high density network it is important 
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to have monomers with functionality equal to 3 or 4. In this case through the 
condensation process it is possible to connect densely the monomers and generate 
colloidal aggregates. 
2.1.5 Aggregation and growth of polyalkoxysilanes 
In the sol-gel process starting by alkoxide silanes the tendency to form =Si-O-Si= bonds 
at the expense of silanol groups, leads to the formation of cyclic structures. Afterwards 
they grow by addition of monomer into large three-dimensional domains with pendant 
silanol groups for subsequent growth. Domain size at this point is important because it 
determines the radius of curvature of the surface that controls the solubility of the 
particle. Solubility is also determined by the degree of condensation within the particles. 
The largest and most condensed particles survive and continue to grow by the Ostwald 
ripening mechanism. At pH > 7 and moderate solution concentrations, negative charges 
on particles cause mutual repulsion and growth without aggregation. Charges may be 
reduced by the addition of a coagulant (for example, Na + ion of a salt such as Na2S04 or 
NaCl) permitting the growth of chain and branch polymer aggregates. At pH <7, where 
the rate of polymerization (and de-polymerization) is slow, particles are very small in 
size and further growth is discouraged. Under these conditions, the tendency to form 
networks rather than oversized particles is more pronounced. This effect is due to the 
low ionic charge on particle surfaces, which allows higher rates of inter-particle 
collisions2o• Aggregate particles attach to each other through siloxane bonds. These 
bonds result from the condensation of surface silanol groups and Si-O- ions at the 
contact point between the particles. 
The above processes and the effects of pH are shown in the following Figure 10. 
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Figure 10. Schematic representation of sol-gel growth particles 7 
2.1.6 Gelation 
The gelation occurs when the repulsive charges located on the surface of siloxane 
aggregates are low enough to allow aggregation and growth. This condition depends on 
the pH leveL 
As a result of aggregation into three-dimensional networks, an increasing fraction of the 
sol becomes occupied by micro gel regions lO• These regions have the same refractive 
index and density as the surrounding sol, which explains the transparency of the system. 
Before the gelation point and under acidic conditions, the precursor of the gel consists 
of linear or randomly branched polymers, while, under basic conditions this is made up 
of individual highly branched clusters. At the gelation point, linear chains become 
entangled while branched clusters impinge on each other20 (see Figure 11). The 
viscosity at this stage increases asymptotically and a transparent gel is formed. 
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Figure 11. Gel formation in acid (on the left) and basic catalysed 
systems (on the rightf 
2.1.7 Transition of sol to gel: rheology aspects 
Several approaches have been taken to define the gel point. Arbitrary parameters such 
as the point of no jluidity21, are useful measures of gel time, but are not very accurate, 
and therefore, they cannot give information about viscosity changes taking place. This 
information, on the other hand, can be accurately provided by rheological 
measurements. 
Several authors have reported that the sol-gel transition of acid-catalyzed TEOS 
solutions takes place in three stages22• In the first stage, the sol exhibits Newtonian 
bahaviour, so that the viscosity is independent of the shear rate imposed by the 
measunng instrument. Although the monomer is polymerizing, the formation of 
aggregate is not dominant and therefore the increase in viscosity is small. During the 
second stage, a steady increase in viscosity is observed due to the formation of linear 
polymers, and at the third stage, a more pronounced increase in viscosity occurs as a 
result of the formation of three-dimensional networks. 
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2.1.8 Ageing and drying of gels 
Although the increase in viscosity which accompanies the gelation freezes the systems 
in a particular structure, after the gel point this frozen-in structure may change 
appreciably with time depending on the temperature, solvent and pH conditions. The 
effect of this process, known as ageing20, consists of shrinkage and stiffening of the 
material. 
The changes in gel structure which can originate from the early stages of its formation 
are: 
• Gel separation into regions of high and low density because, as the gel point is 
approached, fluctuations in density grow larger and larger throughout the 
system; 
• Promotion of additional crosslinking as unreacted terminal groups (OH and OR) 
come in contact in regions of higher density; 
• Acceleration of the phase separation process and creation of liquid-solid 
interfaces (syneresis). 
Starting with polymer gels it is expected that the removal of solvent brings shrinkage 
due to additional cross-linking as un-reacted hydroxyl and alkoxy groups come in 
contact. The drying process is very important and many of the structural properties of 
the resulting solid material (i.e. density, elastic properties) depend on the evolution of 
the system during this phase. 
Considering a gel as a network that include a liquid phase (see Figure 12A), it is 
obvious that there is a high interfacial area with a great free energy associated. The 
decreasing of this energy is the driving force that leads the system to the shrinkage 
phenomenon. 
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Figure 12A. Drying process. a) the network defonns so easily that little stress 
is needed to keep it submerged. b) as the network stiffens the pressure increase 
and the radius of the pores r decrease until it is equal to the radius of the 
meniscus. c) after this point the liquid recedes into the gef. 
The evaporation of the liquid from the gel surface, in fact, increases the vapour/solid 
interface, which has even a greater energy. For this reason the liquid flows from the 
bulk of the gel to the surface, to cover the dried surface. Because of the evaporation the 
liquid covers the whole surface with the creation of a meniscus on the pore surface. 
The capillary force exerted by the liquid causes the contraction of the solid phase, until 
the radius of the meniscus is equal to the radius of the pore. At this stage the shrinkage 
proceeds at a constant rate, and the contraction of the solid phase is equivalent to the 
volume of the evaporated liquid. 
After this point the evaporation of the liquid continues moving the liquid-vapour 
interface towards the bulk of the solid phase leaving a dry solid. This results in an 
irreversible contraction, because of the further condensation of the unreacted hydroxyl 
or alkoxy groups that proceeds during the shrinkage process. 
The drying of the gel also produces a pressure gradient in the liquid phase, which leads 
to differential shrinkage of the network. If the external part shrinks faster than the 
internal one, tensile stresses arise that tend to fracture the network. The formation of 
cracks is energetically favourable because at either side of the crack the material can 
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contract more freely. To avoid this phenomenon, a slow evapouration rate of the solvent 
is required. 
Gels characterized by high density and low pore volume can be formed in weakly 
crosslinked systems when the rate of condensation is low compared to the rate of 
solvent removal. Under these conditions the gel's structure can be highly compacted 
before it is sufficiently cross linked to be resistant to the densification process. 
Therefore, as a principle, low pH and low water contents produce dense gels whereas 
high pH (6 - 10) and high water contents produce gels of high porosity (see Figure 
12B). 
\ a 
Figure 12B. Representation of desiccation of a) acid, b) basic catalysed ge17 
Since large pores lead to lower surface extension and provide wider paths for the 
evapouration of volatile molecules, the systems obtained through basic catalysis 
develop lower drying stresses and are less susceptible to fracture23• 
The function of substances such as dimethylformamide24 as drying control chemical 
additives is to regulate the relative rates of hydrolysis and condensation, so that larger 
particles of uniform size are formed. During ageing, a tight size distribution of large 
pores is achieved that facilitates the expulsion of volatiles, keeping capillary stresses at 
a safe levees. 
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2.1.9 Densification 
The last part of the sol-gel process involves the densification of the dry gel structure to 
give a glassy material or polycrystalline solid. This evolution of the system occurs 
under high temperature, and time and temperature of the thermal treatment can 
influence the characteristics of the resulting solid material. The transformations 
involved in this phase of the process are: 
- capillary shrinkage; 
- condensation; 
- structural relaxation; 
- viscous sintering. 
The fast evaporation of water and other organics during the thermal treatment causes 
often the presence of cracks and other structural imperfections. The weight loss and the 
shrinkage in this phase ate not linear and behave differently depending on the 
temperature, as it is reported on the graph below (Figure 13). 
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Figure 13. Shrinkage and weight loss in a gel during the thermal 
treatmene. 
In the first region a small contraction is observed for a great weight loss. The weight 
loss is due to the evaporation of the water and alcohol still present inside the gel 
network. The small contraction is due to the increase of the surface energy owing to 
de sorption of the liquids. In the second region the contraction and the weight loss occur 
with similar rates. The weight loss is due to the water formed as by-products of the 
condensation and to the removal of organics, while the contraction is due to a further 
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condensation and to the structural relaxation due to the temperature. In the third region 
there is contraction without further weight loss, because of the material moves by 
viscous flow or diffusion to eliminate porosity. The sintering of gels, because of their 
great interfacial area, can be conducted at temperatures exceptionally low compared to 
those used for the sintering of ceramic materials. This aspect can be exceptionally 
interesting with respect to the production of hybrid materials where the presence of an 
organic phase prevents the utilization of very high temperatures7• 
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2.2 Organic-Inorganic Hybrid Materials 
2.2.1 Introduction 
Organic-Inorganic (0-1) hybrid materials represent a growing area of nano-engineered 
materials because of their promise to provide lighter weight alternatives to 
conventional-filled plastics with additional functionality arising from the role played by 
the surface chemistry at the nanometric scale. The definition of hybrid materials 
includes a wide range of materials coming from mono-phase polymer networks where 
the hybrid composition refers to the presence of functional groups of different nature 
with respect to the main component26 to self-assembling or host-guest superstructures27• 
Widely known are the terms ORMOSILs (ORganically MOdified SILicates), 
CERAMERs (CERAmics ans polyMERs) or ORMOCER (ORganically MOdified 
CERamics) where small organic molecules or organic groups modify the backbone 
structure of the inorganic materials and consequently the structural and functional 
properties of the resulting materials. 
There are several routes to prepare organic-inorganic hybrids including intercalation, 
electrocrystallization, sol-gel process, etc. 
The sol-gel process with its unique mild processing characteristics and easiness of 
control is the most common method for preparing hybrid materials. Organic-Inorganic 
hybrids can be obtained by dissolving preformed polymers into a sol-gel precursor 
solution, consisting of a metal-alkoxide, a catalyst and, optionally, a coupling agent. 
The alkoxide components are allowed to hydrolyze and undergo condensation reactions 
to form glassy inorganic oxide domains in a polymer solution. 
Alternatively both the organic and the inorganic phases can be formed together through 
the simultaneous polymerization of an organic monomer and sol-gel precursors of the 
inorganic domains. 
Hybrid materials have an immense potential for applications in a variety of advanced 
technologies, both as structural materials and as functional materials. The primary 
properties of structural materials include strength, stiffness and toughness, while 
secondary characteristics include protective barrier, thermal oxidative stability and 
absorption resistance. Functional hybrid materials, on the other hand, have tailored 
characteristics such as optical transparency, electrical and photo catalytic properties28, 
biological compatibiliti9 and many other desirable attributes. 
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2.2.2 Types of organic-inorganic hybrids 
Depending on the strength or level of interaction two kinds of organic-inorganic hybrid 
materials can be obtained. In particular Class I hybrid materials are characterized by 
weak interactions between the two phases (i.e. van der Waals or hydrogen bonds), 
whereas Class 11 hybrids evidence strong chemical interactions (i.e. covalent bonds) 
between the components. 
Blends are formed if no strong chemical interactions exist between the inorganic and 
organic building blocks (see Figure 14 (a)). If an inorganic and an organic network 
interpenetrate each other without strong chemical interactions, interpenetrating 
networks (IPNs) are formed (Figure 14(b)) which is for example the case if the sol-gel 
material is formed in presence of an organic polymer or vice versa. Both materials 
described belong the Class I hybrids. 
Class 11 hybrids are formed when the discrete inorganic building blocks, e.g. clusters, 
are covalently bonded to the organic polymers (Figure 14(c)) or inorganic and organic 
polymers are covalently connected with each other (Figure 14(d)). 
Cla.<ii.<ii T 
Blends Interpenetrating networks 
Cla.<ii.<ii TT 
Buildings blocks covalently 
connected 
Covalently connected 
polymers 
Figure 14. Schematic representation of the several hybrids typologies. 
The gray circles represent the monomer of the organic phase while the 
pyramids represent the building blocks of the inorganic phase. 
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2.2.3 Interpenetrating Polymer Networks: Phase separation 
The morphologies and the properties of the hybrid materials depend on the mechanism 
and the kinetic of separation between organic and inorganic phases. In particular this 
effect is much more pronounced for the systems where the inorganic phase is produced 
starting from a precursor solution. In this case the formation of the hybrids involves the 
formation of the inorganic matrix in presence of the preformed polymer or a mixture of 
reacting monomers and the resulting morphology can be strongly affected by eventual 
mechanism of phase separation. 
The thermodynamics of a solution containing polymerizing species tells us that mutual 
solubility among the constituents becomes lower as the average molecular weight of the 
polymerizing species increases. This is mainly due to the loss of entropy of mixing 
among the constituents, which leads to the increase of the !ree energy of mixing: 
~G=Ml-TM Eq.7) 
The reduction in mutual solubility caused by polymerization can be contrasted by 
cooling the system. A multicomponent system becomes less stable as the absolute value 
of the T.dS term decreases. In some cases, changes in the polarity of oligomers with the 
generation and/or consumption of silanol groups may contribute to increase the ~H 
term, which will also destabilize the system against homogeneous mixing. However 
when the sign of free energy of mixing of the system becomes positive, the 
thermodynamic driving force for phase separation is generated. 
It has often been suggested that phase separation in hybrids takes place by spinodal 
decomposition3o• 
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Figure 15. UCST (Upper Critical Solution Temperature)-type phase diagram 
The scheme in the Figure 15 represents a UCST (Upper Critical Solution Temperature)-
type phase diagram. The solid curve is known as the binodal and it denotes the border 
between the thermodynamically stable, single-phase region, from the two-phase region. 
The dashed curve is known as the spinodal curve and it separates the unstable from the 
metastable phase-separated region. Two-phase morphologies result by bringing the 
solution from the single phase region into the two-phase region by a quenching process 
equal to a temperature drop of To-T. The solution de-mixes, separating into two distinct 
phases of composition <pI and <pH. With time, the initial co-continuous phase will he lost 
to produce a particulate structure where the particles formed are small and uniform in 
size. Phase continuity may be preserved by rapid cooling, which freezes the 
morphological features, before the formation of macroscopic domains occurs. 
A quenching process into the metastahle region (line iii in the Figure 15), brings about 
phase separation by a mechanism known as Nucleation and Growth (NG), where 
isolated particles having the equilibrium compositions, appear spontaneously and grow 
to yield an irregular particle dispersed morphology with a wide distribution of the 
domain size. 
Figure 16 shows a schematic representation of the two phase separation mechanisms: 
Nucleation and Growth and Spinodal decomposition, as reported by Nakanishi31 • 
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Figure 16. Nucleation and Growth and Spinodal Decomposition 
mechanisms3' . 
Phase separation between the two components can also take place by a reaction-induced 
mechanism. In this case the driving force for phase separation arises above a certain 
molecular weight limit, due to the loss of miscibility between the components: Despite 
the process goes on isothermally, the quench depth (the difference between To and T) 
decreases with the molecular weight as a result of a progressive shift of the binodal, as 
shown in the Figure 17. 
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Figure 17. Binodal curve shifting in reacting systems. The molecular 
weight increases moving from 1 towards 3. 
The diagrams in Figure 15 and 17 can be also used to describe the de-mixing process 
when the hybrid materials are obtained by casting procedure. In this case the process 
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proceeds isothermally so it is important verify that the casting temperature is above the 
UCST (upper critical solution temperature) line to avoid phase separation. In reacting 
systems such as sol-gel systems where silica is growing according the hydrolysis and 
condensation reactions it is important the upper shift of the UCST line does not cross 
the isotherm casting temperature. This represents the necessary condition to produce an 
Interpenetrating Network Polymer with co-continuous phases. Furthermore the phase 
separation between organic and inorganic components can be also tailored by regulating 
the solvent evapouration rate and the growth of the siloxane domains32. 
2.2.4 Interpenetrating Network Polymers (IPN): production processes 
Despite the excellent performance of many hybrid materials, the methods of forming 
composites by the incorporation of preformed polymers into a sol-gel inorganic network 
is essentially limited by the fact that only a finite number of polymers are soluble in the 
sol-gel solution. Under the right conditions the polymer can be trapped in the inorganic 
system, or viceversa, before significant phase separation occurs. In this way, transparent 
organic-inorganic composite materials can be easily prepared. In this respect a 
hydrophilic polymer such as perfluorosulphonic acid (trade name Nafion), widely used 
in the assembling of Fuel Cells, disperses well in inorganic silica sol precursor because 
of the dipole-dipole or ionic bonds, which establish between the S03H groups present 
along the polymeric backbone and the hydrophilic surface of the inorganic structure (see 
later for more details). 
As far as hydrophobic polymers are concerned, the solution of the problem connected 
with the sol gel precursor solution mixing has been approached in many ways. One of 
these consists of modifying one or both the organic and the inorganic components, in 
order to render them compatible with each other. The modification consists of adding to 
either the organic or the inorganic component, functional groups similar in nature of the 
other constitu~nt. Such modifiers are also known as coupling agents. 
Mascia and Kiout33, used GOTMS (y-glycidoxypropyl-trimethoxysilane) in their work 
with polyamic acid solutions in NMP and hydrolyzed solutions of TEOS. Transparency 
in film cast in solutions with enough GOTMS was found to be a function of mixing 
time and temperature. The authors attributed the transition of the films from a cloudy to 
a transparent appearance to the compatibilisation of the polymer and the developing 
siloxane by trimethoxyl functionalities grafted to the polyamic acid backbone by the 
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coupling agent use. These functionalities are involved in the fonnation of the inorganic 
network. 
A different approach to the production of IPN is denoted as the SIPNs (Simultaneous 
Interpenetrating Polymer Networks) process. In this case the material is produced by 
perfonning the sol gel process in combination with free radical polymerization reactions 
of the polymeric phase. This approach allows the in-situ fonnation and thus the 
homogeneous incorporation of polymers that nonnally would not be miscible. Generally 
the polymeric phase in these materials is polymethy Imethacrylate, PMMA obtained 
through In situ polymerization starting from the monomer (methyl methacrylate, 
MMA). In the same cases, whether the sol gel process is perfonned by using 
alkoxysilanes bringing at least one polymerizable group, the inorganic phase becomes 
covalently bounded to polymeric phase. These materials display an improvement of the 
mechanical behaviour along with better thennomechanical stability34. 
2.2.5 Structure-property relationship for IPN materials 
In IPN hybrid materials there is a separate phase known as "interphase,,35 (between the 
organic and the inorganic phases), which contributes substantially to the overall 
properties. 
Many efforts have been focused on the understanding of the relationship between 
structure and property, an important aspect in the design process of new materials. 
Wilkes et al.36 studied PDMS (poly dimethyl siloxane )/TEOS hybrids. They were 
among the first to report the synthesis of hybrids based on PDMS oligomers and silica 
from TEOS. The embedded inorganic phase conferred rigidity to these materials with a 
corresponding decrease in ductility. The properties were found to be substantially 
influenced by the amount of acid catalyst added, leading to a better inter-dispersion of 
the two phases. The use of a larger amount of TEOS and water, as well as additional 
thennal treatmene7 gave rise to a more highly cross-linked silica structure, leading to an 
increase in dynamic modulus. 
The variables affecting the structure and properties of hybrids have been discussed by 
Landry et a1. 38 who have examined by Small Angle X-Ray Scattering (SAXS) two 
different samples of organic-inorganic silica composites, and proposed morphological 
models to describe them. Triethoxysilane-end capped bisphenol-A epoxy resin (EAS) 
was reacted with TEOS under slightly basic conditions, and a random copolymer 
trimethoxysilane-methyl methacrylate (MMA-TMS) was reacted with TMOS 
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(tetramethoxysilane) in acidic medium. It was concluded that the inorganic phase in the 
EAS-TEOS hybrid, exhibited particle like characteristics at length scale less than 25 
nm, and the organic-inorganic components were co-continuous at larger distances. The 
MMA-TMS based hybrid, on the other hand, was better described by co-continuous 
organic and inorganic phases with a periodic fluctuation of about 4 nm. This difference 
in morphology could be probably examined in the following terms. In the acid catalyzed 
MMA hybrid the TMOS was expected to form a branched polymer structure. Once 
most of the solvent was removed, phase separation was likely to occur to form a co-
continuous interpenetrating network between the organic polymer and the inorganic 
polymer phases. A tentative of schematic representation of the morphology is shown in 
Figure 18. 
Figure 18. Schematic representation of the morphology of a co-
continuous interpenetrating network hybrid material. (The shadow area 
represents the inorganic phase while the continuous lines represent the 
polymer molecules)38. 
Yano et a1.39 prepared organic-inorganic silica hybrids following two different 
approaches. One method involved the mixing of organic polymer HPC (hydroxypropyl-
cellulose), PVA (poly-vinyl-alcohol) or PVDF (poly-vinylidene-fluoride) with TEOS. 
For the first two polymers, during the sol-gel process inorganic domains were deposited 
in the organic matrix due to hydrogen bonding. These bonds are able to avoid the 
separation between the two phases. The other route followed by these authors, was to 
introduce triethoxysilyl groups into the organic polymer prior to the sol gel reaction 
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with TEOS involving covalent bonds between the two phases. This time the polymer 
used was PPO (poly-propylene-oxide end-capped with triethoxysilane). 
The experiments conducted on the first type of hybrid material showed that with the 
increasing amount of TEOS content there was an increase of dynamic modulus. But no 
change in tan(B) was observed, apart from a decrease of the intensity of its peak, 
because the molecular motions of the organic polymer are slightly restricted by the 
deposited silica component. 
The SAXS profiles of the covalently bonded polymers showed a large sharp peak and 
its height increased with the TEOS content. This is perhaps due to micro phase 
separation between silica rich domains and the organic polymer matrix. This time the 
tan(B) peak shifted to higher temperatures due to the molecular motions of the organic 
polymer being restricted by the silica rich domains. The small silica domains 
responsible for the low mobility of the organic polymer are visible in the morphology 
model proposed for the poly(propylene oxide )lsilica (PPO/Si02) hybrid shown in Figure 
19: 
, 
, ' 
, ' 
, ' 
, ' 
, ' 
--ltt---ytU" 
: , 
I I 
I rd ! 
Domain 
Matrix 
Figure 19. Morphology model ofPPO/Si02 hybrid where the silica 
domains are dispersed in the polymer matrix39• 
Recently Mascia et al40 have prepared nano-composites by casting solutions of both 
epoxy resin and silica precursors generated both by sol-gel using TEOS and as pre-
formed dispersions of 7nm diameter silica particles. For systems obtained from sol-gel, 
a particulate morphology of the inorganic domains in the resulting films was obtained 
unless a coupling agent was used. According to this evidence they studied the effect of 
several coupling agents on the morphology and other properties of the hybrids. In 
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particular, was investigated the effect of the end-chain (mercapto- and amine- type 
coupling agents) and middle-chain (isocyanate- type coupling agent) functionalisation 
of the organic matrix (bis-phenol-A type epoxy resin), the chemical nature of the 
coupling agent and the number of alkoxysilane functionalities. The comparison of the 
mechanical properties and morphology data of the hybrid systems with respect to the 
system obtained by mixing the colloidal silica with the polymer has helped in the 
understanding of the structure of the epoxy-silica hybrids and, also to quantify the 
interactions between the organic and inorganic phases of the two systems. 
2.3 N afion membrane background 
2.3.1 Introduction 
Nafion® is the best-known ionomer membrane to be used as a solid, proton conducting 
electrolyte in fuel cell technology. Although many studies have been performed in order 
to produce new materials with improved performances and reduced costs, Nafion 
membranes still represent the benchmark material for the production of Polymer 
Exchange Membrane (PEM). 
Nation polymer is characterized by a hydrophobic polytetrafluoroethylene backbone 
chain regularly spaced by shorter perfluorovinyl ether side-chains, each terminated by a 
strongly hydrophilic sulphonic group. 
The chemical structure of the Nafion membrane is the following one: 
-(CF2CF2)x-(CFCF2)y-I (OCF2yF)z-OCF2CF2-S03H 
CF3 
Equivalent Weight (EW) is the number of grams of dry Nafion per mole of sulphonic 
acid groups when the material is in the acid form. The Ion Exchange Capacity (lEC) 
which represents the meq of H+ ions per grams of polymer can be related to the average 
EW as IEC=1000/EW. Common membranes for fuel cell applications are Nafion 117, 
US and 112. The numeric designations refer to a film having EW equal to 1100 grlmol 
S03H and a nominal thickness which decreases moving from Nafion 112 to Nafion 117. 
Nafion ionomers are usually derived from the thermoplastic -S02F precursor form that 
can be extruded in sheets of required thickness. It is worth noting that the ionomeric 
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fonn of Nafion can not be processed by melting because of strong interactions between 
ionic groups. The precursor does not possess the clusters morphology but has just 
Teflon-like crystalline domains which persist during the conversion of the sulfonyl 
fluoride to the sulphonic S03K groups. This conversion is perfonned by soaking the 
resulting membrane in KOH water solution. Thereafter ·the S03H fonn is achieved by 
washing the membrane with concentrated aqueous acid solution. 
The physical properties ofNafion are reported in the following Table 1 and Table 241. 
Table 1. Thickness and weight 1 
Membrane type Thickness (J.Ull) Basis weight, g/m2 
Nation 117 105 200 
Nation 115 127 250 
Nation 112 183 360 
I Measurements taken with membrane conditioned to 23°C and 50% Relative Humidity (RH) 
Table 2. Physical properties 
Properties Typical value 
Tensile modulus, MPa 
- 50% RH, 23°e 249 
- water soaked 23°e 114 
- water soaked, 1000 e 64 
Tensile strength, MPa 
- 50% RH, 23°e 43 in MD and 32 in TD2 
- water soaked 23°e 34 in MD and 26 in TD 
- water soaked, 1000 e 25 in MD and 24 in TD 
Water vapour sorption at 50% RH,23°e, %wt/wt of water 5 
Liquid water uptake at 100oe, %wtlwt of water 38 
Thickness change, % increase 
From 50% RH, 23°e to water soaked 23°e 
From 50% RH, 23°e to water soaked 1000 e 
Linear expansion, % increase 
From 50% RH, 23°e to water soaked 23°e 
From 50% RH, 23°e to water soaked 1000 e 
10 
14 
10 
15 
i MD refers to the Machine direction and ID refers to the Transverse Direction 
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In the last years several modified and partially fluorinated ionomeric polymers have 
been developed to overcome some limitations exhibited by Nafion during its working 
life. 
A promising strategy has been the shortening of the side chain length moving from -
OCF2CF(CF3)OCF2CF2S03H characteristic ofNafion to -OCF2CF2S03H. In this case it 
is possible to reduce the EW increasing the density of acid groups and so the ionic 
conductivity. Furthermore these membranes exhibit higher crystallinity at a given EW 
and a higher glass transition temperature compared to Nafion. Other perfluorosulphonic 
acid membranes include Hyflon Ion (Solvey Solexis), Flemion (Asahi Glass Co. Ltd), 
Aciplex (Asahi Chemical Co. Ltd.) and Gore Select (Gore and Associates Inc.). 
Properties such as proton conductivity, water management, relative affinity with 
methanol and water, hydration stability at high temperature and mechanical, thermal 
and oxidative stability of Nafion membrane are strictly connected with nano-structure 
and morphology of the polymer. Although the exact nano-structure ofNafion is still not 
precisely known, several models describing its nanostructures have been suggested 
since early 1970s. 
A short review of the progress made in the elucidation of the ionomeric structure of 
Nafion is provided in the following section, with the indication of the most important 
models which have been developed. 
In, 1970, Eisenberg42 developed a model for ionomer structure that includes the 
formation of "ionic clusters" (i.e. ionic aggregates) in organic polymer. In particular two 
basic types of ion aggregates were postulated. One is small aggregates containing only a 
few ion pairs, termed multiplets, and the other is large aggregates, termed clusters, 
which are composed of a nonionic backbone material as well as many ion pairs. The 
nano-structure of the ionomer in organic polymer can be described as that of a 
nanophase-separated system in which a matrix of low ion content (multiplet) IS 
interdispersed with ion-rich domain (clusters). The formation of ionic clusters IS 
considered as being a consequence of thermodynamic incompatibility of ionic groups 
with the low dielectric constant organic matrix. 
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Figure 20. Schematic representation of clustered ionomeric membrane 
with anionic side chain42 . 
Gierke et al.43 adopting the concept of clusters observed that the unhydrolyzed Nafion 
precursor showed a low SAXS maximum near 28 equal to 0.5° and a diffraction peak at 
28 equal to 18° whereas the hydrolysed form showed an addition peak centred at 28 
equal to 1.6-2° corresponding to a Bragg spacing of3-5 nm (see Figure 21). 
Charactelistic distance 
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Figure 21 . SAXS patterns for hydrated Nafion with different water 
content43 . 
In the former case the scattering features were assigned respectively to the crystalline 
and the amorphous domains within the fluorocarbon matrix; in the latter case the 
additional feature was attributed to a system containing ionic clusters within a 
sernicrystalline matrix. According to these results, the model proposed by Gierke 
suggests that in the Nation there are ionic clusters or ionic nano-phases with diameter 
around 4 nm based on sulfonated-ended perfluoroalkylether groups that are organized as 
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inverted micelles. These latter are arranged on a lattice and are connected by narrow 
channels (around 1 nm in size) (see Figure 22). 
I 
I 
I 
I 
Figure 22. Cluster network model for the morphology of hydrated 
Nation. 
Cluster diameter, exchange ionic sites per cluster and number of water molecules per 
exchange ionic site increase linearly with water content. In particular the growth of 
clusters occurs by a combination of expansion of cluster size and redistribution of the 
sulphonic acid sites which yield fewer clusters in the fully hydrated material (see Figure 
23). 
t INCREASED t HYDRATI ON 
Figure 23. Hydration mechanism of cluster network model of Nation43 . 
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Litt et al. 44 proposed a revaluation of Nafion morphology based on the fact that the 
observed Bragg dimensions from the ionomer peak varied almost linearly with water 
content in contrast with the 113 power dependence expected for isotropic swelling of 
spherical structures. In particular Litt and coworkers proposed a lamellar model in 
which the ionic domains are defined as hydrophilic layers separated by thin lamellar 
PTFE like crystallites. As water absorbs between the lamella the d-spacing between 
ionic domains is expected to be proportional to the water volume in the polymer (see 
Figure 24). 
D 
Sulfonic acid groups 
• Water 
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Perfluoro -(CF2)- backbone 
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Figure 24. Lamellar model of hydrated Nafion membrane44 
Haubold et al. 45 revised the lamellar model proposing a model with sandwich-like unit 
cells composed of polymer-pendent ionic groups-solvent molecules-pendent ionic 
groups-polymer. The core region is empty in the dry membrane and filled with water in 
hydrated Nafion. To provide channels that serve as conduction pathways for protons 
through the membrane these sandwich elements were allocated in a linear fashion so 
that the liquid core regions are contiguous. 
Gebel46 introduced the concept of phase separation between ionic clusters and the 
perfluorinated matrix. His structural model is based on elongated (cylindrical or 
ribbonlike) polymer aggregates with a diameter of about 4 nm and length longer than 
100 nm (see Figure 25). These aggregates are surrounded by ionic groups and packed in 
bundles with ordered orientation. The ionomer peak in SAXS represents the average 
distance between the aggregates in a typical bundle. The bundles are randomly arranged 
at the mesoscale. 
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Figure 25. Cylindrical or ribbonlike folymer structure in the Gebel 
model4 . 
The Gebel model is able to predict the structural evolution of Nation when the 
membrane absorbs water vapour (see Figure 26). 
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Figure 26. Schematic representation of structural changes with water 
content in perfluorosulfonated ionomer membranes46 
In the dry state, isolated spherical ionic clusters are formed with a diameter close to 1,5 
nm and an inner-cluster distance close to 2,7 nm. The absorption of water molecules 
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induces a modification of the cluster structure that becomes spherical water pools with 
the ionic groups at the polymer-water interface in order to minimize the interfacial 
energy. The diameter of that water pools is about 2 nm and the inter-aggregate distance 
is roughly 3 nm, indicating that they are still isolated as revealed by the low value of 
ionic conductivity. As membrane absorbs more water, the cluster swells and the 
. diameter of it increases from 2 to 4 nm but relatively small increase in the inter-cluster 
distance leads to percolation. In this process, the number of ionic groups per cluster 
increases, and consequently the total number of clusters in membrane decreases. When 
the water volume fraction is in between cp = 0.2 and cp = 0.5, the structure is formed of 
spherical ionic domains connected with cylinders of water dispersed in the polymer 
matrix. At cp larger than 0.5, a structural inversion occurs and the membranes 
correspond to a connected network of rod-like polymer aggregates. For cp = 0.5 to cp = 
0.9, the rod-like network swells and the radius of the rod is about 2,5 nm. The structure 
ofthe highly swollen membrane would be very close to that ofNafion solution. 
Kreuer47 revised the model of Nation morphology based on separation between the 
hydrophilic and hydrophobic domains and introduced the concept of a random 
arrangement of low dimensional polymeric objects with spaces filled by water. The 
shape of the hydrophilic domains is not completely verified but the water distribution 
forms continuous pathway throughout the membrane. In presence of water the 
sulphonic acid groups aggregate to form hydrophilic domains of different size: the 
smaller can be compared to the channels of the Gierke model whereas the larger can be 
compared to the ionic clusters (see Figure 27). 
Figure 27. Schematic representation of the microstructure ofNafion47• 
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All the models developed over the last years take into account that the ionic groups 
aggregate in the perfiuorinated polymer matrix to form a network of clusters that assure 
significant swelling by polar solvents and efficient ionic transport. 
Schmidt-Rohr and Chen48 have recently shown that none of the models discussed above 
can match the experimental SAXS data satisfactorily. They have performed a 
quantitative analysis of published SAXS curves and proposed a new model of hydrated 
Nafion. Their model consists of parallel cylindrical water channels that have diameters 
between 1.8 and 3.5 nm and length of more than 20 nm as shown in Figure 28. 
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Figure 28. Schematic illustration of the Schmidt-Rohr and Ch en model for 
Nafion48 . a) Cross-sectional and transverse views of an inverted micelle 
cylinder. Darker shades represent features closer to the viewer; (b) packing 
of inverted micelle cylinders; (c) cross-section of the simulated system 
showing water channels (white), Nafion crystallites (red) and amorphous 
Nafion matrix (orange); (d) SAXS intensity J(q) as a function of scattering 
vector q. The simulated curves from the water channels only (dashed) and 
crystallites only (dotted) are also shown. Inset shows the same plot over a 
linear scale for q-scattering vector. 
The cylindrical inverted micelles are lined with hydrophilic groups and are stabilized by 
the stiff polymer backbone. The cylindrical diameter is much larger than that in other 
models such as the cluster-network model, which explains the large water diffusion 
coefficient, methanol permeation and elctro-osmotic drag in Nafion. This model takes 
also into account the crystalline domains (the crystalline degree for Nafion is around 
14%) which are lined parallel to the water channels. 
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2.3.2 Thermodynamics and Water Sorption in Nation 
The proton conductivity and the efficiency of Nafion membranes in PEM fuel cells 
depends strongly on the water management which, in turns, is affected by the 
electrosmotic drag (i.e. water dragging operated by the proton movement from the 
anode to the cathode electrode) and the diffusion coefficient of water in the membrane. 
It is well known that the electrosmotic drag coefficient and the diffusion coefficient 
depend on water concentration and temperature. Thus, in order to determine their water 
dependence it is very interesting to quantify the absorption properties of water vapour 
on the membrane. The adsorption isotherms, which display the water content of the 
membrane as a function of the water activity or water pressure, have the characteristic 
sigmoidal shape: a downward concavity at low water activity and an upward concavity 
at high water activity. 
As reported by Takata et at9 many fitting models have been used to describe the water 
vapour isotherms for Nafion or ionomeric membranes. Furtheko et atO used the Flory-
Huggins modelS! that gives the equilibrium vapour pressure from the volume fraction of 
solvent. Springer et at2 used a polynomial equation to describe the adsorption isotherm 
equations at 30 and 80°C for Nation. Datta et al.53 developed a thermodynamics theory. 
Tsonos et al.54 used a modified B.E.T. equation55 which was very simple even though it 
was inadequate to achieve good agreement with the experimental data at high humidity 
range over 90%. 
Figure 29 shows a schematic representation on the water isotherm for hydrophilic 
polymers with the indication of the several contributes to the total adsorption. 
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Figure 29. Adsorption isotherm with the several contributions: 
Langmuir adsorption and water clustering54• 
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Water molecules that penetrate in the polymer first interact with the specific sites such 
as acid groups, i.e. a completely filled single layer of interacting water molecules is 
accommodated on the accessible sulphonic groups (-S03 -) through the formation of the 
hydronium ions, H30+. When all specific sites are saturated (i.e the adsorption can be 
modelled with the Langmuir isotherm) the water molecules start to interact with other 
water molecules (i.e clustering process) and further layers build up on to the first 
monolayer (multilayer adsorption). 
Following is reported a detailed description of the model based on B.E.T adsorption 
which is used in the experimental and discussion sections to fit the experimental data of 
water vapour sorption for the several membranes produced in the present work. 
Figure 30 shows the adsorption model based on finite layer B.E.T. adsorption. 
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Figure 30. Schematic representation ofB.E.T. mode149• 
In this model it is assumed that water vapour adsorbs on the membrane forming a 
monomolecular layer, i.e. Langmuir adsorption, and then water vapour molecules 
cluster on the monomolecular layer. The basic assumption is that for the first layer the 
heat of adsorption Q assumes a specific value whereas for all succeeding layers it is 
equal to Qv, the heat of condensation of neat liquid. 
The adsorption and desorption rates are defined vaO (moVs) and Vdl (moVs) 
respectively; and these rates between the Oth and the 1 st layer are expressed by: 
Eq.8) 
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V dl = kdlS I Eq.9) 
where kao and kdl are proportionality constants of adsorption and desorption rates, P is 
the partial pressure of water vapour, So (dimensionless) is the fraction of vacant 
adsorption sites and SI (dimensionless) is fraction of occupied adsorption sites by 
monomolecular layer. The adsorption and desorption rates between the oth and the 1 st 
layers are equal at equilibrium, as follows: 
S = kaO S p =!:!.ls Pexp(- QL) 
I k 0 b 0 RT 
dl I 
Eq.lO) 
where 01 and bl are the pre-exponential factors of the adsorption and desorption rates 
and QL (J/mol) is the activation energy of Langmuir type adsorption, R (J/mol K) is gas 
constant and T (OK) is temperature. 
A similar relationship of Eq. 10) exists between the 1st and the 2nd layers is given as 
follows: 
Eq. 11) 
where 02 and b2 are the pre-exponential factors of the adsorption and desorption rates, 
S2 is the fraction of 2nd layer with respect to So and Qv (J/mol) is the activation energy 
of condensation or clustering. 
For the generic ith layer it is possible to write: 
kaU- I ) 0j ( Qv) Sj =--SU_I)P=-S(i_I)Pexp--~ ~ RT 
Eq.12) 
where the suffix j refers to the jth layers with j water molecules packed on the specific 
interacting site, 0j and bj are pre-exponential factors of adsorption and de sorption rates 
and Qv is the condensation heat of the liquid adsorbate. 
Starting from Eq 10) and 11), then follows that: 
and 
Eq.13) 
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where 
and 
Eq. 14) 
y =E.LPexp(- QL) and x= a; Pexp(- QV) Eq.15) 
bI . RT b; RT 
c= y = aIb; exp-CQcQv)IRT ze-CQ1-Q.)IRT 
X bIa; 
Eq.16) 
The ratio of the absorbate water mass (with respect to the dry polymer), w to the total 
mass associated to the monolayer, nm is given by the following equation: 
Eq.17) 
~ 
The total mass of adsorbed water is equal to I is; because for the several S; (fractions 
;=1 
~ 
of occupied sites) it is important to consider all the ith layers. The term IS; represents 
;=0 
the surface occupied by the monolayer. 
Insertion of the algebraic equivalents to the sums and taking into account that the ratio 
of frequency terms a; is the same as for liquid-vapour equilibrium yields: 
b; 
w ex 
;::- (l-x)[l+(c-l)x] Eq.18) 
where x is equal to PlPo. This assumption can be obtained considering that in the 
hypothesis of the equilibrium liquid-vapour the following equation holds: 
Eq. 19) 
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Substituting the term exp(- Qv) in Eq. 15) it is possible to shows that x = ~ . In the 
RT P 
hypothesis of the ideal behaviour of gas the ratio ~ between the water pressure and 
P 
the saturation pressure at the temperature T represents the water activity (generally 
reported as aw). 
The B.E.T. model was upgraded by taking into account a finite number of layers equal 
to n because of the constraint effect of the opposing walls of the capillaries involved. In 
this way the B.E.T. model describes the water uptake isotherm up to water activity 
equal to 0.9 for which the traditional model (referred to as infinite number of layers) 
shows high discrepancy. The equation of the BET model with a finite number of layers 
is the following: 
ln
m 
cx /(1- x)j* ll- (n + 1)xn+nxn+1 j 
w=----------~------.+~l------
1+(c-1)x-cx 
Eq.20) 
From a physical point view nm is the saturation term related to the monolayer, i.e. the 
ratio of the mass of water which saturates the specific interaction sites to the mass of 
dry polymer, the parameter n represents the average number of the layers of the 
adsorbed water and c is a coefficient related to the enthalpies involved in the specific 
interactions between water and substrates, x is the vapour water activity, and w is the 
ratio of the mass of water sorbed to the mass of dry polymer. 
Figure 31 reports some B.E.T. curves obtained by changing the parameter c. It is worth 
noting that the B.E.T. model is very versatile and it can describe several behaviours 
ranging from the Flory-Huggins to the Langmuir sorption. 
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Figure 31. B.E.T. isotherms55 
Starting from the basic B.E.T. model, Freger et a1.56 considered that the process of 
adsorption is primarily due to the solvation of the membrane ionogenic groups which 
slightly differs from the typical adsorption process of gas on a surface. In particular the 
revised B.E.T. model includes an activity coefficient k which accounts for the particular 
type of water-water interaction in the various solvation layers. The modified B.E.T. 
equation reads as follows: 
lnm ckx /(1- kx)J. [1- (n + l)kxn+nkxn+1] 
w= n+l 
1+(c-l)kx-ckx Eq.21) 
where the fitting parameters are four k, nm, nand c and the physical meanings of the 
parameter nm, nand c are, in principle, the same as that of the B.E.T. Eq. 20). The 
application of the Eq. 21) in fitting some experimental data related to the Nafion 
material, as reported by Freger56, results in a value around 70 for the c (dimensionless) 
parameter. This value corresponds to a B.E.T. curve with an evident Langmuir 
absorption due to the interaction of water molecules with protons (see Figure 31). 
From the molecular viewpoint, the acid groups of the polymer interact with water 
molecules via ion-dipole forces and a certain number of water molecules, depending 
upon the level of hydration become strongly or chemically associated with the ionic 
groups forming the primary hydration sheath. The formation of the hydration sheath can 
be described by using a stepwise equilibrium, i.e the binding of water molecules in the 
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solvation shell is assumed to occur by sequential reactions between the polymer acid 
groups S03H and the water molecules: 
S03-H+ + H20 = S03 -H30+ 
S03-H30+ + H20 = S03-HS0 3+ 
S03-HsO/ + H20 = S03-H70 / 
The first reaction represents dissociation of the acid groups and concomitant protonation 
of the water molecules (e.g. to produce H30l, whereas the second and subsequent steps 
represent further solvation reactions (earlier described as clustering). 
In Figure 32 is reported the isotherm of water in Nafion in terms of A (number of water 
molecules for S03- groups) as a function of the activity of water in vapour phase. 
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Figure 32. Water sorption isotherm ofNafion EW 110053 • 
In the low activity region aw<O.75 water uptake increases only gradually with the 
activity. After the sorption of the first water molecules which form the bound shell, the 
water uptake increases with the activity and reaches A=6 at aw=O.75. For aw>O.75 the 
water uptake is very sensitive to the activity of vapour and reaches A= 14 at saturation. 
In this region the Young modulus of the polymer matrix decreases considerably due to 
the plasticization effect of the water absorbed. The membrane becomes soft and is not 
able to oppose the increase in water uptake and associated swelling of the matrix. For 
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this reason an optimal level of water uptake is needed to maintain the stability of the 
membrane during the fuel cell operation and this can be obtained by the appropriate 
balance of polymer-solvent interaction and number of acid groups in the dry polymer. 
Nafion material shows a peculiar behaviour at aw=l when the membrane is soaked in 
liquid water or conditioned in an environment saturated with water vapour. It is well 
know that the membrane soaked in liquid water absorbs much more water (around 22 
mol H20/mol SOn than the membrane equilibrated in saturated water vapour (around 
14 mol H20/mol S03} This discrepancy, known as the Paradox of Schroeder, affects 
strongly the ionic conductivity of the membrane in the actual working condition of the 
fuel cells. 
One possible explanation is that the hydrophobic nature of the polymer makes water 
uptake difficult when it contacts with vapour. Liquid sorption is considered to take 
place by diffusion through large pores, while the vapour sorption is much more 
complex. In fact it needs several steps of sorption into the wall of pores, formation of 
poly-molecular layers, meniscus formation and then condensation of vapours. This 
condensation mostly proceeds in small pores rather than large pores because of the 
smaller vapour pressure in the small pores (Kelvin effect). Thus the phenomenon is 
explained as being caused by the difficulty in filling large pores in a polymer by vapour 
adsorption. 
However the best explanation for this phenomenon is probably that proposed by Choi 
and Datta57 who present a physicochemical model for water sorption consistent with the 
hydration scheme previously presented. In particular the water molecules sorbed by the 
membrane are assumed to be either strongly chemically bound to the sulfonate heads, or 
are "free" water, which physically equilibrate with the external solvent. The number of 
chemically bound water molecules is determined by chemical equilibrium, while the 
amount of free water is determined by phase equilibrium. Choi and Datta argue that 
within the membrane, along with the osmotic pressure exerted by the polymer matrix 
due to the stretching to accommodate the imbibed pore liquid, it is necessary to taking 
into account an additional capillary pressure exerted by the vapour-liquid interface 
inside the pores. This additional pressure, which is present only during the adsorption of 
water as vapour, causes the vapour equilibrated membrane to absorb less water than the 
liquid equilibrated membrane. 
60 
2.3.3 Recast Nation 
Nafion can be purchased in a variety of forms including extrusion cast membranes, 
dispersions in an alcohol/water cosolvents, and pellets. Commercially extruded Nafion 
has been widely studied in the literature with regards to transport properties, chemical 
structure, and morphology. However, there are only a few reports on recast Nafion 
although this material is widely used both for binding the electrodes to N afion 
membrane and for the production of hybrid and nanocomposite membranes. 
Since the properties and performance of Nafion membranes are directly due to their 
complex morphology and the supermolecular organization of ionic and crystalline 
domains it is important to understand the evolution of the morphological structure of the 
membrane during the casting and how it is affected by the process variables, i.e. the 
nature of the solvent and cosolvent, the annealing treatment at high temperature and the 
acidification process. 
Nafion solutions in water and alcohol are assumed to consist of a dispersion of large 
colloidal aggregates that exhibit electrostatic repulsion similar to that observed for a 
colloidal suspension of charged particles. Recast Nafion films from ethanol-water 
solutions at room temperature are brittle and soluble in several polar solvents even at 
low temperature. Commercial Nafion membrane, on the other hand, is flexible, tough 
and insoluble in all solvents at temperatures below 200°C. 
Nafion membrane can be recast from water/alcohol solution, then dissolved and cast 
again in other solvents including water58, dimethylformamide (DMFi9 and 
dimethylsulfoxide (DMSO)60. It was demonstrated that proton conductivity increases by 
-2 orders of magnitude when changing the casting solvent from water to DMF. Proton 
conductivity also increased three-fold in membranes cast from DMF compared to 
membranes cast from DMSO. 
Moore and Martin61 demonstrated that the desirable properties of the commercial 
membranes (i.e. toughness and insolubility) can also be obtained with solution cast 
films by performing the casting process in high boiling solvent at temperatures around 
160°C (solution processing approach). This observation suggested that the resulting 
solid state structure of the cast films is controlled by the macromolecular organization 
of chains in solution during the solvent evaporation. In particular it was found that both 
the commercial and the solution processed films were semicrystalline, while the simple 
recast films were virtually amorphous. The enhancement in crystallinity and physical 
properties of the solution processed films was attributed to the ability of the ionomer 
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chains to reorganize from the colloidal aggregate state in solution to a more entangled 
network in the solid film. In agreement with Moore and Martin61 the room temperature 
cast membranes are essentially noncrystalline while the high temperature process re-
established significant crystallinity with long range order. At the same time Stamm et 
al.62 demonstrated that the shape and the number of clusters could be increased by 
increasing the relative humidity during the casting process. Acid pre-treatment of recast 
Nafion, also known as acidification63, has been shown to increase proton conductivity. 
This process involves sequentially boiling the membrane in hydrogen peroxide, sulfuric 
acid, and water. On the basis of these results it can be inferred that casting procedures 
may be used to modify the morphology in terms of extent of crystallinity and ionic 
cluster morphology, optimizing the properties (i.e water sorption and ionic 
conductivity) of resulting Nafion membranes. 
2.3.4 Proton Conduction Mechanisms 
Nafion membrane shows excellent proton conductivity only when soaked in water or at 
high hydration level. As the operation temperature of fuel cells increases above 80-90°C 
the efficiency of the device decreases because of the low ionic conductivity of Nafion 
membrane resulting from its low water content. 
In an aqueous solution of acids, the proton is associated with water molecules and 
regarded classically as existing in the form of H30+, or hydronium ion. The hydronium 
ions show an higher mobility as compared with other ions. For example, the mobility of 
sodium ions, which are approximately the same size as hydronium ions, is 5.19'10-4 
cm2s-1y-I, whereas that of hydronium ions is 36.23'10-4 cm2s-1y-l in water solution at 
298K. 
The abnormal mobility of protons suggests that the proton should transfer by a 
mechanism fundamentally different from that used by other ions. 
The most trivial case of proton migration requires the translational dynamics of big 
species: this is known as the vehicle mechanism64• In this mechanism the proton 
diffuses through the medium together with a "vehicle" because of in aqueous solution of 
acids the proton exists as hydronium ion. The hydronium ion becomes hydrated by three 
neighbouring water molecules to form what is known as an Eigen ion, H90/. The 
proton may also find itself as part of a dimer in the form of a Zundel ion, HS02 +. Both 
configurations appear with equal probability and oscillate between each other on a time 
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scale of 10- 13 s, forming various intermediate structures in the process65 • The observed 
conductivity, therefore, is directly dependant on the rate of vehicle diffusion. 
In another principal migration mechanism, the vehicles show pronounced local 
dynamics but reside on their sites. The protons are transferred from one vehicle to the 
other by "proton hopping". Simultaneous reorganization of the proton environment, 
consisting of reorientation of individual species or even more extended ensembles, then 
leads to the formation of an uninterrupted path for proton migration. This mechanism is 
known as the Grotthuss mechanism66 . This reorganization usually involves the 
reorientation of solvent dipoles (for example H20). The rates of proton transfer, r trans 
and reorganization of its environment, r reo directly affect this mechanism. All rates 
along with the diffusion of protons, r Dare schematically illustrated in Figure 33. 
Proton 0 ~ @ 
Figure 33. Schematic representation of phenomena involved in proton 
conduction mechanisms65 . 
The two principale mechanisms, i.e. vehicle mechanism and Grotthuss mechanism, 
essentially reflect the difference in nature of the hydrogen bonds formed between the 
protonated species and their environment. In media which support strong hydrogen 
bonding, the Grotthuss mechanism is preferred. The vehicle mechanism, on the ather 
hand, is characteristic of species with weaker hydrogen bonding. 
It is evident that bulk water can be considered as an upper limit for proton conductivity 
and when water interacts with the structure of Nafion some limitations in conductivity 
occur. The parameter which rules the mobility of the proton is the network of local 
interactions (i .e. hydrogen bonding and dipole-dipole interaction) between the proton, 
water molecules and sulphonic groups anchored to the backbone of the polymer. As 
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reported by Djilali et al.67 the examination of the mechanism that occurs when water 
molecules are sorbed in the polymer, represents a key point for the understanding of the 
proton conductivity. 
The first water molecules sorbed in Nation cause the sulfonate heads to dissociate, 
resulting in the formation ofhydronium ions (i.e. H30l which acts as counter-ion of the 
sulphonic groups. Given the hydrophobic nature of the backbone, and the hydrophilic 
nature of the sulfonate heads, it is reasonable to consider that all water molecules sorbed 
by the membrane at this low water content associate with the sulfonate heads. 
Moreover, the hydronium ions will be localized on the sulfonate heads, and since the 
amount of water sorbed is insufficient for the formation ofa continuous water phase, the 
conductivity will be extremely low. Figure 34a) is a schematic representation of the 
state of a membrane for A (i.e. the number of water molecules for S03H group) equal to 
1 or 2. Note that sulfonate heads might cluster together, thus some transport is possible 
even at lower water contents (A ~ 2). 
(a) 
A 
~ ~ V ~ ~ V 
+ + 
A B 
~ ~ ~ ~ ~V VC? ~ + 
V if 
+ + 
B c 
~ ~ J, ~ ~~~ V~0l 
+ + ~+V ~+~ o s 0 
(b) (c) 
Figure 34. Schematic hydration diagram for Nafion67: (a) for')... =1 and 
')...=2, (b) for water contents of')... = 3 - 5, and (c) for')... =6 and')... = 14. 
Free waters are shown in grey. 
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In the range A = 3-5, the counter-ion clusters continue to grow while the proton is 
mobile over the entire cluster. For A greater than two, the membrane will conduct some 
protons as the excess protons are mobilized on the counter-ion clusters and some 
pathways may be formed through the membrane to allow for conductivity. Figure 34b) 
illustrates the hydration state for A= 3-5. Molecular dynamics simulations indicate that 
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the primary hydration shell for the sulfonate head grows to a maximum of five water 
molecules, and any additional molecules are not as strongly bound and thus form a free 
phase. For 'A =6, counter-ion clusters coalesce to form larger clusters, and eventually a 
continuous phase is formed with properties that approach those of bulk water. Figure 
34c) is a schematic representation of the hydration states for 'A = 6 (near the 
conductivity threshold) and 14 (saturated vapour equilibrated). 
Figure 35 shows conductivity measurements, which provide evidence that the 
membrane exhibits low conductivity for A less than five because of the high interaction 
of the water molecules on the sulfonate groups. As 'A changes from five to fourteen, the 
membrane becomes more conductive because some counter-ion clusters may connect 
and increase the fraction of water where the proton can move by Grotthuss mechanism. 
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Figure 35. Conductivity ofNafion and a sulfonated polyaromatic 
membrane as a function of water content at room temperature68 
In Nafion the proton conductivity is strongly dependent on its nanostructure and water 
content. At low water content not all acid sites are dissociated69 and the interaction 
among water molecules via hydrogen bonding is low resulting in a low rate of proton 
transfer (i.e. the proton can move only by vehicle mechanism). At high water content 
the properties of water in Nafion approach those of bulk water. Thus two different water 
environments in Nafion have been usually distinguished. The water in the middle region 
of the pore is referred to as bulk water through which the mobility of the proton is fast. 
Water near the pore surface along the array of S03- groups is referred to as surface 
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water and the proton mobility through the surface is considerably smaller than that in 
the bulk due to the strong electrostatic interaction with S03 - groups. The measured 
proton conductivity of Nation at a given water content is the result of a weighted 
average of the surface and bulk conductivities depending upon the radial distribution of 
proton and water content and can vary by two or three orders of magnitude as the water 
activity is increased from dry conditions to saturation7o• 
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2.4 Hybrid N afion materials 
As reported in the previous paragraphs, Nafion represents the polymeric material mostly 
used in the production of membranes for fuel cell applications. The favourable 
properties· of this polymer lie in the chemical combination of hydrophobic 
perfluoronated polymer backbone and pendent hydrophilic sulphonic acid bonded to the 
backbone. The chemical structure favours a morphology with a net separation between 
hydrophilic domains which hydrate and favours the proton conduction and crystalline 
domains which retain the structure against swelling. However the practical problem 
encountered in proton exchange membrane fuel cells (PEMFC) is represented by the 
difficulty in keeping the membrane wet under operating conditions. Nafion displays a 
poor retention of water, along with low thermo-mechanical stability and high fuel 
permeability when it is operated at high temperatures (above 80°C) and under low 
humidity conditions. 
An interesti~g approach to improve· proton transport and mechanical properties of 
Nafion membranes at high temperatures is to incorporate inorganic materials as filler in 
the polymer matrix7l • In particular, it has been verified that the inorganic component, 
distributed at nanometric scale, enhances the mechanical properties and proton 
conductivity of the organic component as well the thermal and chemical stability. The 
presence of inorganic particles modifies the clusters network structure of the Nafion 
providing new paths or mechanisms for the water sorption and ionic transport as well as 
an inorganic barrier against the fuel permeation. Among various nanocomposites, the 
hybrid composite materials obtained by a Sol-Gel process represent a viable approach to 
produce enhanced Nafion membranes which has gained a lot of attention by the 
international scientific community. Many inorganic domains synthesizable by Sol-Gel 
approach (i.e Si02, Ti02, Zr02, RU02, mixed oxide, functionalised oxide, zeolite and 
acid functionalised oxide, montmorillonite and acid fucntionalised montmorillonite) 
have been used as filler in Nafion membranes. However in this literature review we take 
into account only the work based on silica, silicalsulfonated zirconia or polysiloxane 
domains wherein related to the present work. 
Figure 36 shows schematic diagrams of two different routes proposed for the production 
of hybrid Nafion materials by sol-gel approach: (i) infiltration of pre-swelled Nafion 
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with precursor solution of inorganic moieties, and (ii) recasting of a solution of sol-gel 
inorganic precursor and Nafion polymer. 
Swelled membrane 
N on uniform oxide profile: 
Higher concentration near surfaces 
a) Infiltration 
Sol-Gel Nafion 
Membrane released by adding water 
after Gelation/polymerization 
b) :Mixing Solutions and Recasting 
Figure 36. Schematics of preparation methods for hybrid Nafion by 
sol-gel approach72. 
Mauritz et al.73 investigated the preparation of NafionlSi02 hybrids by infiltration of 
Nafion membranes with silicon alkoxides or organo modified silicon alkoxides. In the 
first case a silicon oxide was obtained whereas in the latter was obtained a polysiloxane 
or an organically modified silicate (ORMOSIL). The presence of the acidic Nafion 
clusters was successfully utilized to catalyse the sol gel reaction allowing the formation 
of the inorganic phase directly in the pre swelled clusters. The swelled clusters acted as 
templates that catalyse and direct the condensation reactions of the silica precursor 
solution and the size growth of the nanoparticles. In this procedure a Nafion membrane 
is swollen in an alcohol/water solution. A mixture of tetraethoxysilane (TEOS) and 
alcohol or TEOS, other alkylalkoxides (i.e. diethoxydimethysilane) and solvents are 
added to the swelling solution containing the membranes where the molecules migrate 
through the clusters in the inner of the membrane. After the sol gel reactions the in situ 
inorganic phase or organically modified silicate are cured at high temperatures (i.e. 
around ISO-170°C). The results showed that the weight uptake of the dried samples 
increases linearly with immersion time. Chemical analysis showed a profile across the 
membrane thickness with greater Si02 concentration near the surface decreasing to a 
minimum in the middle. This gradient may be minimized using pre-hydrolysed species 
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such as (ROkxSi(OH)x molecules able to migrate in the Nafion during the swelling. 
Nafion/Si02 composites showed a higher water uptake at room temperature (about 
20%wtlwt) compared with unfilled Nafion (about 15%wtlwt). With this approach the 
hydrophobic nature of the fluorocarbon backbone is opposed and the hybrids can 
strongly attract much more water molecules through hydrogen bonding as shown in 
Figure 37. 
Figure 37. Illustration of water sorption by hydrogen-bonding around 
high surface/volume silicate nanoparticles74 
The hydrogen-bonded network which is established between the surface of silicate 
domains rich in hydrophilic SiOH groups and the incoming water molecules, can 
facilitate proton hopping with the aid of bulk liquid-like H20 molecules in successive 
hydration layers. 
On the other hand the water uptake of Nafion/ORMOSIL hybrids (obtained using a 
precursor solution with alkylalkoxysilanes) was lower than that of pure Nafion and 
Nafion/silica composites due to lower hydrophilic nature of the silicate phase. SAXS 
analysis showed that the in situ sol gel process is able to produce hybrid classified as 
nanocomposites because the inorganic heterogeneities have the dimension of the ionic 
swelled clusters (i.e. around 5nm). 
Using Mauritz's procedure several authors obtained hybrid materials using other metal 
alkoxides such as tetrabutylzirconate to produce Nafion/ZrO/5, TEOS and 
tetrabutoxytitanate or TEOS and tri-sec-butoxyaluminium to produce Nafion/Si02-Ti02 
and Nafion/Si02-Alz03 composites respectively76. These membranes had high metal 
concentrations near the surface and a minimum in correspondence with the middle area. 
More recently Datta et al.77 prepared nanocomposite NafionIM02 (M=Zr, Si, Ti) 
membranes by in situ sol gel method according to the procedure of the Mauritz research 
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group but utilizing Nafion membrane in the Na form. Na-Nafion membrane is able to 
resist to higher temperature (up to 250°C) without undergoing thermal degradation. 
Among the several nanocomposite membranes, Nafion-Zr02 sol gel membranes 
displayed water uptake and conductivity higher than unmodified Nafion membranes. 
Kim et al.78 prepared NafionlORMOSIL membranes according to the Mauritz 
procedure by mixing TEOS and alkoxysilanes such as vinyltriethoxysilane, 
diethoxydiphenylsilane and diethoxydimethylsilane. The materials were investigated for 
methanol crossover, solvent uptake and ionic conductivity. The number of functional 
groups in the silanes controlled the morphology of the NafionlORMOSIL. The higher is 
this number more packed and crosslinked is the morphology. At the same time the 
nature of functional groups determined the hydrophobic nature of the membranes. The 
larger and more organic are the branches of silane, the more hydrophobic is the 
ORMOSIL phase. Methanol permeability was correlated with the water and methanol 
uptake. As the uptake of both solvents increases, methanol diffusion becomes easier. 
Proton conductivity was affected by the typology of silanes as well as hydrophobic 
nature and morphology. In general the more hydrophilic the ORMOSIL, the lower the 
ionic conductivity. This was interpreted as the hydrophilic ORMOSIL being able to be 
incorporated more easily into the clusters disturbing the mechanisms of proton 
conduction. 
Ye et al. 79 prepared composite membranes by permeating Nafion with a mixture of 
water and tetra ethyl orthosilicate (TEOS) and curing the membrane at 170°C. The 
molar ratio of H20 :TEOS and permeation time were varied to control the amount of 
silica in the composite. They found that a low concentration of TEOS or short 
permeation time resulted in complete hydrolysis of TEOS in Nafion and better water 
retention. Silica in Nafion was found to have two opposing effects. At low TEOS 
concentrations, small silica particles with no residual ethyl groups form along with a 
hydrogen-bonded network that retains water molecules and enables proton transport. At 
high TEOS concentrations, the silica particles are larger and have residual ethyl groups. 
These large particles disrupt the hydrogen-bond network and block the pathways for 
proton transport. 
Composite N afionlzirconium phosphate membranes were prepared by Benziger and co-
workers using Nafion 1158°. Zirconium hydrogen phosphate Zr(HP04) 2H20 was 
selected because of its attributes including (i) moderate proton conductivity when 
humidified (1O-3S/cm), (ii) ability to donate protons (i.e. it is a Bronsted acid); (iii) 
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thermal stability at temperatures above 180°C; (iv) hygroscopic and hydrophilic nature 
and Cv) ease of synthesis in a manner that is compatible with the chemical and physical 
limits of the Nation membranes. The inorganic phase was incorporated into the Nation 
after a preliminary swelling and the synthesis involved the reaction of a solution of Zr4+ 
ions with phosphoric acid H3P04 leading to the precipitation of the insoluble phosphate. 
Figure 38 shows the water uptake isotherms at 80°C for Nation and Nation/Zirconium 
composites as number of water moles per S03H mole as a function of the water activity. 
The isotherm show a rapid rise at low water activity, a slow rising plateau at 
intermediate water activities and the majority of water uptake occurring at high water 
activity. 
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Figure 38. Water uptake Isotherms for Nafion and Nation/Zirconium 
composites at 80°C80 
The composite membrane contains more water than the Nation membrane at the same 
water activity so it absorbs more water. Figure 39 reports the conductivity data of 
Nation and Nation composites membranes versus the water activity. Despite the higher 
water uptake and the fact that the zirconium phase can contribute extra protons, 
nanocomposite membranes exhibit lower proton conductivities than Nation over the 
entire range of water activities and temperatures. 
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Figure 39. Conductivity vs water activity for Nation and 
Nation/Zirconium composites at different temperatures80 
Regardless of the water uptake and ionic conductivity data the composite membranes 
exhibited at 80°C fuel cell performances nearly identical to the Nafion membrane 
whereas at 130°C their performances are substantially better. 
These results are very interesting because they demonstrate that the performances of the 
fuel cell and the ionic conductivity of the membrane are not strictly connected. The 
authors inferred that the zirconium phosphate forms an internal scaffold within the 
membrane that, during the assembling of the MEA, optimises the morphology of the 
membrane and the number of ionic clusters available for the conduction. 
A different approach in producing hybrid composite materials is represented by 
recasting the solution obtained by mixing of Nafion solution and sol-gel inorganic 
precursor solution. This procedure allows the incorporation of higher amounts of 
inorganic phase (i.e. higher than 50% wtlwt) which is dispersed not only in ionic 
clusters but also in the hydrophobic domains associated to the perflourinated chains81. It 
is worth noting that the recasting procedure has not been studied and investigated as 
much compared to the infusion procedure. The reasons lay in the difficulties to control 
the growth of nanoparticles and produce composite materials where the inorganic 
domains do not interfere with the phase separated morphology of the Nafion membrane. 
In fact Pan et al.82 have investigated the self-assembly effect of Nafion onto in situ 
formed silica nanoparticles in an ethylene glycol-water mixture solvent. They found that 
once silica nanoparticles come in contact with Nafion solution, equilibrium establishes 
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between adsorption-desorption ofNafion molecules at the silica surface. In particular in 
the acid conditions the silanol groups SiOH present on the surface of silica can 
protonate to SiOH2 + forming Si02 nanoparticles with positive charge on the surface. In 
presence of Nafion ionomers a self-assembly process would occur almost immediately 
between the positively charged Si02 and the negatively charged S03- groups ofNafion 
by electrostatic force. The effect of this interaction on the resulting morphology of the 
hybrid depends on the Nafionlsilica weight ratio. 
At relatively low Nafion concentration (0.8% in weight) the macromolecules are not 
sufficient to cover all the particles (5% in weight of silica) that keep aggregating and 
growing in size. With increasing concentration, Nafion molecules adsorb onto the silica 
surface leading to more stable self-assembled Nafion layers that prevent the growth of 
silica nanoparticles as shown in Figure 40. With further increasing concentration of 
Nafion, the number ofNafion aggregates increases and the silica nanoparticles penetrate 
inside the entagled Nafion chains. Therefore the silica nanoparticles grow also inside 
the hydrophobic domains of Nafion membrane destroying the phase separated 
morphology ofNafion. 
(a) (b) cc) 
Figure 40. Schematic depiction ofNafion-silica interactions with 
relative TEM images82: a) silica nanopartic1es formed at low Nafion 
concentration; b) self-assembled Nafion onto silica nanopartic1es and 
c) silica nanopartic1e in Nafion not well dispersed. 
In presence of inorganic nanoparticles the ionic groups of Nafion polymer can interact 
with the nanoparticles surface by means of electrostatic interactions and control the 
formation of different morphologies which affect the actual behaviour of the membrane 
in terms of water uptake and ionic conductivity. 
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Tang et al. 83,84 have synthesized Nafion-SiOz composite membranes by a self-assembly 
process using TEOS precursor. In particular they dispersed Nafion polymer in high 
boiling solvent (Le. NMP, N-methyl-2-pyrrolidone) adjusting the pH to 7 and then 
adding to the solution the desiderated amount of TEOS, water and HCl (37% wt/wt 
HCl). Self-assembled Nafion-SiOz nanoparticles were obtained after stirring for several 
hours. The SiOz nanoparticles had an average particle size of 2.8 +/- 0.5 nm. The 
resulting composite membrane was found to have enhanced durability compared to a 
Nafion-SiOz composite membrane obtained by simple dispersion of preformed 
nanoparticles and pristine Nafion membrane under accelerated wet/dry cyclic tests at 90 
°C. 
However although the silica or siloxane domains introduced in the Nafion have 
hygroscopic properties, the performance of the fuel cells do not always reach the desired 
improvement under fully humidified condition (i.e. environmental water activity equal 
to 0.8-0.9). Most researchers found that the proton conductivity of the composite 
membranes was remarkably reduced due to the incorporation of non proton conductive 
hygroscopic SiOz by the sol gel reaction oftetraethoxysilane (TEOS)85,86,87. 
Hong and co-workers88 found that the water content and conductivity at room 
temperature of the Nafion/SiOz composite membranes prepared by sol-gel approach and 
recasting method, increased with increasing SiOz content up to 10 wt% SiOz and then 
decreased with increasing SiOz content up to 45 wt%. 
Fenton et al. 89 prepared nanocomposite silicalNafion membranes usmg TEOS 
hydrolysis sol gel reactions in presence of Nafion solution, and subsequently solution 
casting the membrane. The membranes were tested for low temperature (60°C) DMFC 
applications and showed enhanced performances. Thermo gravimetric analysis showed 
that the membrane degradation temperature increased with increasing silica loading. 
Also the water uptake was enhanced by incorporating silica into the Nafion matrix. 
Methanol permeability was suppressed in the membranes with lower silica loadings (3-
5% wtlwt); higher silica contents (10-15% wtlwt) presented no further decrease in 
methanol permeability. Proton conductivity decreased with increasing silica loading in 
spite of the increased water uptake. 
On the basis of the dusty-fluid model9o the inorganic oxide inside the Nafion is 
considered as additional dust species which slow down the proton diffusion by 
additional frictional interactions and an increase in the tortuosity. This can be explained 
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by the derivative equations of Maxwell used in composite membranes filled with array 
of spheres91 : 
2+ r-2~(l- r) c: = --'---.:........:....--='-'-
2+ r+~(l- r) Eq.22) 
where c: is the ratio between the effective H+ diffusion in the composite membrane and 
the effective W diffusion in the Nafion phase, r is the ratio of the H+ diffusion in the 
inorganic phase with respect to the polymer phase and ~ is the volume fraction of the 
inorganic phase in the composite membrane. The larger is ~, the smaller is the 
increment of c: . The proton conductivity decreases with the increasing content of the 
inorganic phase in the composite membrane. However from Eq. 22 it is well evident 
that, keeping constant the fraction of inorganic phase, c: increases with increase in r 
which, in turns, depends on the H+ diffusion through the inorganic phase. That means 
the ionic conductivity of composite membranes obtained by adding inorganic phase 
functionalized with acid moieties to permit proton diffusion may increase compared 
with the addition of the inorganic phase alone. 
In the last few years (from 2004 up to now) many efforts have been made to minimize 
the loss of proton conductivity by adding silica or siloxane acid functionalized 
nanopartic1es which can not only adsorb more water but also transfer protons due to the 
acid moieties. Li et al.92 prepared Nafion composite membranes by recasting Nafion 
solution with sulfonated diphenyldimethoxysilane (sDDS). Additional -S03H groups 
were obtained through the sulfonation of the DDS monomer with chlorosulphonic acid 
before the sol-gel process. The sDDS acts as an additive to improve the proton 
conductivity compared with purely adding DDS to the membrane, whereas the 
unreacted phenyl groups act as hydrophobic groups to reduce the methanol permeation. 
The proton conductivity of the composite membranes with sulfonated inorganic oxide 
was higher than composite membranes with oxide alone, which means that the 
functionalized inorganic phase has some effect for the membranes. However the proton 
conductivity of composite membranes was always lower than recast Nafion, probably 
because of 1) the relative low conductivity of organosilica and 2) the increased 
tortuosity through the membrane caused by the embedding of the inorganic domains 
into the hydrophilic clusters. 
Recently, hybrid membranes ofNafion and mesoporous silica containing sulphonic acid 
groups have been synthesized by the sol-gel process and found to have better 
75 
dimensional stability and proton conductivity at 95°C compared to Nafion 11293. The 
hybrid membranes were prepared via in situ condensation of TEOS and 
chlorosulfonylphenethylsilane via a self-assembly route using organic surfactants as 
templates to tune the architecture of silica and organo-silica components. With 
increasing silica content, the ion exchange capacity decreased while the water uptake 
increased. The optimal silica content was determined to be 13 wt%. The high surface 
area of mesoporous silica and the presence of hydrophilic sulphonic and silanol groups 
inside the mesopores enhance the water uptake. Controlling the processing to attain the 
desired filler particle size and distribution is a key objective in the development of 
composite membranes. 
Some researchers94,95 have prepared nanocomposite Nafion membranes, by the 
recasting method, usmg polysiloxane obtained by reacting 
mercaptopropylmethyldimethoxysilane and tetraethoxysilane. Their aim was to obtain 
membranes working as polymer electrolyte for DMFC (Direct Methanol Fuel Cells) 
where the key requirement of the membrane is a low level of methanol crossover and 
adequate proton conductivity. They found that after the oxidation of the SH groups to 
sulphonic groups (S03H) with H20 2 solution, the proton conductivity of the composite 
membranes decreased with respect to unmodified Nafion membranes whereas the 
methanol permeability was reduced considerably. However, they did not attempt to 
relate the improvement of the membrane efficiency to the morphology and chemical 
properties of the materials. Furthermore experimental results indicated that the optimum 
condition for the oxidation of -SH groups to -S03H groups was realized at 60°C for 1h 
using 1OWt:% H202 solution. At higher temperatures or higher oxidation time it was 
observed from NMR analysis that functionalized sulfur groups were detached from the 
siloxane network. 
Proton exchange membranes with enhanced proton conductivity were prepared by 
incorporating Nafion into a covalently cross-linked network composed of 4-4'-
methylendianiline (MDA) and 3-g1ycidoxypropyltrimethoxysilane obtained by the sol-
gel approach96• Nafion molecules interact with the polysiloxane trough ionic 
associations between the sulphonic acid groups of Nafion and the amine groups of 
polysiloxane. The associations induce a change of the hydrophilic/hydrophobic 
microphase separation of Nafion and the polysiloxane network contributes to increase 
the bound water content, the proton conductivity at temperatures higher than 70°C as 
well as to decrease methanol permeability. The polysiloxane network becomes 
76 
hydrophilic by altering the ratio silanoVsilanol condensation and amine/epoxide linkage. 
The incorporation of an amine containing framework into the membranes allows the 
Nafion to coalesce strongly with the polysiloxane providing suitable paths for the 
proton conduction. In addition the polysiloxane network provides additional bonding 
sites for water molecules that facilitate the hopping of protons obstructing the methanol 
permeation. In conclusion it is worth mentioning the work of Adjemian et al.97 being 
the only paper where the properties of hybrid membrane obtained both by infusion and 
recasting method have been compared. It is proposed that the water management 
properties of N afion membranes can be improved at temperatures above 100 QC by 
decreasing the equivalent weight and thickness of the membrane and using a 
hydrophilic polysiloxane (by tetraethoxysilane sol-gel process) within the Nafion 
membrane. Regardless of the procedure adopted for the preparation of the composite 
membranes, it was seen that the silicon atoms were well dispersed throughout the 
membrane thickness, and composite membranes in a humidified H2/02 PEMFC at 130 
QC and a pressure of 3 atm delivered six times higher current density than unmodified 
Nafion 115. Furthermore composite membranes were physically more robust than the 
control membranes (unmodified Nafion), which degraded after high operation 
temperature and thermal cycling. However no comparisons between the physical and 
chemical properties (i.e. water sorption and ionic conductivity) of the composite 
membrane obtained by infusion and recasting methods were reported in the paper. 
The literature review previously reported and focused primarily on the hybridization of 
Nation membrane by using silica and acid functionalised polysiloxane by sol gel 
process, has shown that the sol-gel approach is suitable for the modification and 
improvement of Nafion membranes. However the experimental data related both·to the 
ionic conductivity and the water retention at high temperature and low humidity 
conditions are spread over a wide range and their rationalization is not always simple. In 
particular the ionic conductivity, the water sorption and the methanol barrier properties 
are strongly affected by 1) the procedure adopted for the preparation of the membranes 
(i.e. infusion or recasting), 2) the chemistry of the sol-gel and chemical structure of the 
inorganic phase (i.e acidity) as well as of the interaction between Nafion and inorganic 
domains (i.e. self-assembly), 3) the resulting morphology of the composite membranes. 
The efficiency of the hybrid membranes depends on the typology of fuel cell (i.e direct 
methanol fuel cells and hydrogen fuel cells) and so the hybrid membrane can be 
designed for several working conditions. 
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2.5 Aims and Objectives 
Hybrid materials, that include organic and inorganic components intimately generated 
by a sol-gel approach, have been widely studied as membranes for Fuel Cells but the 
concept of functionalizing the polysiloxane with acid moieties can be considered a 
relatively new approach. It was surely new when the objectives of the present study 
were stated. However, since 2005 some papers focused on the acid fuctionalization of 
inorganic domains have been published but, as shown in the literature review, the 
authors have not attempted to relate the improvement of the membrane efficiency to the 
morphology and chemical properties of the materials. 
The primary aim of this research is to provide the basis for the hybridization of Nafion 
membranes by a sol-gel approach in order to enhance the effective Nafion performances 
for applications both in Hydrogen Fuel Cells and Direct Methanol Fuel Cells. The 
hybridization has been performed by two different procedures i.e. the Infusion method 
and the Recasting method which have been widely investigated in the literature but 
never compared for a constant inorganic moiety. The attention has been focused on the 
complete characterization of the several hybrid membranes in order to correlate the 
properties such as water sorption and proton conductivity to the morphology, chemical 
properties and processing conditions. 
The specific objectives of this study were: 
• To vary the formulation of the inorganic component and processing conditions 
in order to a) increase the water sorption and the proton conductivity at low 
water activity and high temperature (up to 120°C) and b) increase the proton 
conductivity while reducing the methanol permeability when the membrane is 
completely saturated in water; 
• To explore the correlation between membrane performances and chemical and 
morphological properties and processing conditions. 
78 
CHAPTER 3 
3.1 Materials 
3.1.1 Nation 
Nafion 117 membranes (Equivalent Weight equal to 1100 grlmol S03H) were 
purchased from Quintech Company. Solutions of Nafion polymer (EW=1100 grlmol 
S03H) in a mixture 50/50 wt/wt of water and low molecular weight alcohols (ethyl and 
isopropyl alcohol) were purchased from Aldrich. 
3.1.2 Polysiloxane precursors 
Tetraethoxysilane (TEOS) was used to generate a polysiloxane network in the hybrid 
systems. It was obtained from Aldrich Chemicals and its structure is the following one: 
OCH 2CH 3 
I 
H3CH,CO - Si - OCH 2CH 3 
I 
OCH 2CH 3 
Mercaptopropyltrimethoxysilane (MPTMS) was also obtained from Aldrich Chemicals 
(purity >95%) and it was used to modify the polysiloxane network by introducing 
organic moieties (-SH groups). These groups were subsequently oxidized to S03H 
groups. The structure ofMPTMS is the following one: 
OCH 3 
I 
HSH 2CH2CH2C-Si-OCH3 
I 
OCH 3 
3.1.3 Chemicals 
Hydrogen peroxide (H20 2) 30% (v/v) obtained from Akros was used to promote the 
oxidation of SH groups to S03H groups. 
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Concentrated sulfuric acid (98% wtlwt) and HCI solution (37% wtlwt) were purchased 
from Aldrich Chemicals and used to achieve uniform high acidity of Nafion and hybrid 
membranes. 
3.1.4 Solvents 
The solvents were Dimethylformamide (DMF), Ethanol (EtOH), Glycerol (Gly) and 
distilled water. All these solvents were obtained from Aldrich Chemicals as analytical 
grade materials and were used as received without any additional treatments. 
3.1.5 Catalyst 
Dibutyltindilaurate (DBTDL) was used as condensation catalyst in the organo-modified 
polysiloxane precursor solution (see chemical formula below). It was obtained from 
Aldrich chemicals with a purity> 95%. 
In Figure 41 is reported a schematic representation of the catalysis condensation 
promoted by the DBTDL which acts primarily at pH in the range between 5 and 7. 
o 
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Figure 41. Catalysis mechanism of Dibutyltindilaurate 
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3.2 Experimental procedures 
Two procedures have been adopted for the hybridization of Nafion membrane, referred 
to as: 
1. Membrane infusion procedure 
2. Recast membrane procedure 
3.2.1 Membrane infusion procedure 
The experimental procedure refers to the preparation method initially described by 
Mauritz et al. 98• The preparation protocol is reported in Figure 42. Nafion membranes 
were previously activated by a standard treatment consisting of: i) rinsing in H20 2 3% 
hydrogen peroxide solution at 80°C for 1 h; ii) water rinsing at 80°C for Ih; iii) rinsing 
in O.5M sulphuric acid at 80°C for Ih and iv) additional water rinsing for Ih at 80°C to 
remove the acid residues. The activated films were dried overnight under vacuum at 
80°C. Afterwards the films were swelled in a water-ethanol-glycerol solution (35:28:37 
weight ratio) at 40°C for 3 days. 
Treatment of Nation films and drying at 
80°C for I day 
~ 
Membrane swelling at 40°C for three days Organo-moditied silica precursor by mixing: 
in a solution H2OlEtOHlGlycerol TEOS, MPTMS, H20 (2% HCI), Ethanol, 
Glycerol 
~ / 
Imbibition of swelled membranes in the 
precursor solution of organo-silica for 5 
and 20 minutes 
~ 
Curing of organo-silica at 80°C for I day 
and successive post-curing at 100°C for 3 
hours 
! 
Standard oxidation of the Nation-
polysiloxane hybrids 
Figure 42. Experimental procedure for the hybridization of commercial 
membranes by infusion 
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The precursor solution of the polysiloxane was prepared by mixing TEaS, MPTMS, 
H20 (2% wt/wt HCI), ethanol and glycerol. The TEOS/MPTMS weight ratio was 65/35 
and 35/65 for two different hybrid membranes and the solvents were mixed according 
the following weight proportions H20 (2% wt/wt HCI):EtOH:Glycerol equal to 
35:28:37 (wt/wt). The water amount in the precursor solution. was added in the 
stoichiometric amount with respect to the alkoxides. The precursor solution was stirred 
for 5 min at room temperature. Then the swelled membranes were dipped in the 
precursor solution for 5 or 20 minutes at 60°C. The experimental conditions (i.e. 
temperature and time) were specially chosen to avoid the formation of undesirable 
disulphide species99. 
In this process the colloidal particles of polysiloxane diffuse into the membranes where 
they further hydrolyse and condense to produce the inorganic network (see Scheme I). 
T=60'C 
H20 
Ethanol 
Glycerol 
[SioH CH2CH2CH2SH ] 
x+y y 
Scheme 1 
The infused membranes were rinsed in ethanol to remove the precursor solution from 
the surface and then cured for 24 hours at 80°C and further 3 hours at 100°C in an oven. 
The hybrid membranes were then submitted to the oxidation treatment (see Scheme 2) 
to convert SH groups of the polysiloxane domains to S03H groupSIOO. 
[SioH CH2CH2CH2SH ] 
x+y Y 
j 1) 1h in HP2 3% T=80'C 2) 1 h in water 3) 1h in O.5M H2S04 
4) 1h in water 
[SioHCH2CH2CH2so3~ + [sioH CH2CH2CH2SH ] 
Scheme 2 
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The oxidation of the mercapto groups was obtained with the same procedure that 
generally is adopted for the activation of Nation membranes. As widely reported in 
literature101 because of several and contradictory reasons the proposed treatment does 
not assure a total conversion to S03H groups and an amount of SH groups remain 
unconverted or are lost during the oxidation steps. 
The membranes obtained by the Infusion procedure are labeled as Nation MlT 35/65 
5min and Nation MlT 35/65 20min or Nation MlT 65/35 5min and Nation MlT 65/35 
20min where M and T stand for MPTMS and TEOS respectively. As previously 
mentioned the ratios 35/65 or 65/35 refer to the weight ratios between MPTMS and 
TEOS employed for the preparation of polysiloxane precursor solution whereas 5min 
and 20min refer to the infusion times. 
3.2.2 Recast membrane procedure 
Hybrid membranes were obtained by recasting a solution containing both Nation 
polymer and polysiloxane precursors. 
The optimization of the recasting procedure was realized through a step by step process 
tinalized to increase the amount of polysiloxane and optimize the hybrid membranes in 
terms of water vapour sorption and proton conductivity. 
Initially the research project was focused on studying the effect of some variables (i.e. 
chemical composition of the polysiloxane precursor solution, time and temperature of 
hydrolysis and recasting conditions) on the properties of hybrid membranes. 
The preparation scheme adopted in the initial phase of the research is reported in Figure 
43 and, in the following, it is referred to as Preparation Scheme 1. 
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Nafion 5% solution in DMF (Y> v/v) Organo modified-silica precursor by mixing: 
TEaS, MPTMS, H20 (2% HCI), DMF 
~ / 
Mixing and stirring for 30min 
Casting in PTFE moulds 
! 
Slow solvent evaporation for 2 days at 
80°C 
Curing for 1 day at 160°C 
Standard activation and oxidation of the 
hybrid membranes 
Figure 43. Experimental procedure for the hybridization ofNafion by 
recasting method (Preparation Scheme 1) 
Different amounts of TEOS and MPTMS (i.e. different weight ratios TEOS/MPTMS) 
were hydrolyzed into a beaker in presence of acidic water (2% weight ofHCI) and DMF 
solvent. Water was added to the alkoxysilane mixture as stoichiometric amount with 
respect to the alkoxide groups. The DMF was added to obtain a volume ratio DMF/H20 
equal to 2 (v/v). 
The hydrolysis and maturation of the polysiloxane precursor solutions were carried out 
at 60°C for times ranging from 45 minutes up to 48 hours. Afterwards different aliquots 
of the polysiloxane solutions were added to the solution obtained by the commercial 
5%wtlwt Nafion solution diluted with double volume of DMF solvent. The amounts of 
silica precursor solution were varied to get Si02 loadings in the hybrid membrane 
ranging from 5% up to 30% wtlwt. The theoretical amount of Si02 was calculated 
taking into account that TEOS provides about 28.8% of its weight as Si02 while 
MPTMS provides about the 27.7% of its initial weight as HSCH2CH2CH2Si03/2. 
After mixing the Nafion solution and polysiloxane precursor solution, the resulting 
sohition was stirred at room temperature for 30 min and then poured into Teflon 
moulds. The moulds were kept inside an oven at 80°C for 2 days to allow a slow 
evaporation of the solvents. Afterwards the temperature was increased to 160°C for 
another I day while a medium vacuum (around 100mbar) was obtained in the oven. The 
resultant membranes were peeled at room temperature from the moulds in deionised 
water. 
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The hybrid membranes were submitted to oxidation to convert the mercapto groups to 
sulphonic groups according to the procedure described in the previous paragraph (see 
Scheme 2). The membranes were stored in deionised water before further tests. 
The thickness of all dried membranes was around 80-100 !lm. These hybrid membranes 
were transparent in appearance and slightly less flexible compared to pure Nafion. 
Membranes with polysiloxane loadings higher than 30% wt/wt were very brittle. Also 
membranes with silica loadings higher than 15% wt/wt exhibit a strong shrinkage upon 
the synthesis procedure which compromises the application as membrane for fuel cell. 
The membranes obtained according to this procedure are named as HyXX MlT x/y t 
where XX, x, y and t refer to the theoretical polysiloxane content, the weight percentage 
of MPTMS, the weight percentage of TEOS in the precursor solution and the hydrolysis 
and maturation time of the polysiloxane precursor solution respectively. 
The experimental campaign undertaken in the initial phase of the research project 
allowed some process parameters to be set. In particular 1) the hydrolysis time of the 
polysiloxane precursor solution has been set equal to 6h at 60°C; 2) the weight ratio 
MPTMS/TEOS in the precursor solution has been set to be lower than 1 (i.e 50% wtlwt 
of MPTMS and 50% of TEOS); 3) the maximum theoretical content of Si02 calculated 
on the assumption that TEOS converts totally to Si02 and MPTMS to 
HSCH2CH2CH2Si03/2 moieties is 15% wt/wt. 
In the light of first experimental results, the recast preparation procedure was further 
modified. In particular the membrane preparation was carried out according to the 
following steps: i) Dilution of Nafion solution with DMF solvent (the volumetric ratio 
Nafion alcoholic solutionlDMF was approximately 1 :2); ii) Mixing the polysiloxane 
precursor with Nafion solution; iii) Film casting using two different procedures (see 
later) iv) Thermal and mechanical treatment; v) Activation of Nafion and Oxidation of 
the mercaptan groups to S03H groups by using two different methods (see later). 
The preparation of the polysiloxane precursor solution comprised mixing and stirring a 
solution made of TEOS, MPTMS, 2%wt HClIH20 solution, DMF and DBTDL at 60°C 
for 6 hr using a water refrigerated condenser to minimize the extent of solvent and 
alkoxysilane evaporation. The MPTMS/TEOS weight ratio was varied between 35/65 
and 50/50. The solvent weight ratio H20 (2% wtlwt HCI) : DMF was equal to 0.5. The 
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water In the precursor solution was used at equal molar amounts to the total 
alkoxysilane groups present in the precursor solution. 
Different aliquots of polysiloxane sol were mixed in N afion solution (diluted with the 
double volume of DMF) obtaining hybrid membranes with theoretical Si02 not higher 
than 15% in weight. The resulting stabilized dispersion of polysiloxane solution in 
Nafion was cast to produce films using two different procedures. The first, which is 
referred to as "Slow" and the related samples denoted as HyXXS (i.e. XX refer to the 
theoretical content of Si02), consists in a slow and controlled evaporation of the 
solvents at 80°C. The second procedure, referred to as "Fast" and the samples are coded 
as HyXXF, consists of a very rapid gelation of the inorganic network at 130°C and a 
subsequent slow and controlled desiccation at 80°C. The term "controlled" is used, in 
both cases, to describe a specific step of the process in which the moulds containing the 
solutions were covered by a thin drilled aluminium foil in order to obtain a partial re-
condensation of the solvents evaporated in order to prevent excessive shrinkage of the 
films. 
The preparation scheme described IS shown in Figure 44 and it IS referred to as 
Preparation Scheme H. 
Nation 5% solution in DMF (1 part of Organo modified-silica precursor by mixing: 
Nafion solution in 2 parts ofDMF) TEOS, MPTMS, H20 (2% HCl), DBTDL 
~ / 
Mixing and stirring for 30min 
Casting in PTFE moulds 
Slow evaporation at 80°C 
Thermal and mechanical treatment at 
160°C 
Fast 
Oxidation 
Slow 
Oxidation 
Fast evaporation at 130°C up to gelation 
and then curing at 80°C 
Thermal and mechanical treatment at 
160°C 
Fast 
Oxidation 
Slow 
Oxidation 
Figure 44. Schematic representation of the procedure for the 
hybridization ofNafion by recasting method adopted in the second part 
of the research project (Preparation Scheme II) 
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The cast membrane was removed from the mould and located between two glass plates 
exerting a compression loading equal to 0.5MPa. Then the resulting system was heated 
in a vacuum oven (around 100mbar) at 160°C for 12 hr to minimise the residual amount 
of DMF in the membrane. 
The last step referred to as "Activation and Oxidation procedure" consists of chemical 
treatment to activate the membrane and to oxidise the mercaptan moieties to S03H 
groups was realized by using two different methods. The first method, referred to as 
"Fast Oxidation" and the related sample are named as " .... OxF", is carried out by 
placing the sample in a 30% H202 solution at 60°C for 30min followed by a rinse in 
distilled water and acidification in a 0.5M H2S04 solution at 60°C for 20min. A last 
ri?se is carried out by changing the washing water several times (i.e. at least 8 times in 
2hr). The second Activation and Oxidation procedure, referred to as "Slow Oxidation" 
and the related samples are named as " .... OxS", is carried out by placing the sample in a 
30% H202 solution at 60°C for 3h and renewing the solution 3 times in the 3h. The 
sample was immersed in a 0.5M H2S04 solution at 60°C for 30min and then was 
washed several times in water. 
The final thickness of films produced was about 100J..lm. 
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3.3 Characterization techniques 
In this section there is a brief description of the several techniques and experimental 
conditions adopted in the research to perform a complete understanding of the chemical, 
physical and thermo-mechanical bahaviour of the ionomeric membranes. For a few 
techniques, generally not usual in the polymer field, the basic principles are also 
reported. 
3.3.1 Attenuated Total Reflectance Infrared Spectroscopy (FTIR-A TR) 
Irradiation of infrared light on a thin liquid or polymer film or on an organic powder 
dispersed in an lR-transparent medium results in an absorbance pattern characteristic of 
different functional groups. 
Attenuated Iotal Reflectance (AIR) is a specific spectroscopic technique useful to 
analyze and investigate the surface of thick films (not transparent to the lR light) by 
means of total reflection of the infrared light. Infrared spectra are obtained by pressing 
small pieces of membrane against an internal reflection element (IRE). A schematic 
representation or AIR-lR device is reported in Figure 45. lR radiation is focused on the 
end of the IRE. Light enters the IRE and reflects throughout the length of the crystal. At 
each internal reflection the radiation penetrates about Illm from the IRE into the 
polymer sample. 
SAMPLE 
Evanescent 
wave A r 1 micron 
IR Radiation Detector 
Figure 45. Working principle of ATR-IR 
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The spectra of neat Nafion and hybrid membranes both before and after oxidation 
treatment were collected using a Nexus Thermo Nicolet equipped with an Attenuated 
Total Reflectance accessory with ZnSe crystal. Infrared spectra were collected as the 
average of 64 scans with a resolution of 4cm-I over the range from 4000 to 650 cm-I. 
Control samples of functionalised polysiloxane were produced by the precursor 
solutions brought up to gelification at 60°C (around 24 hours) and then cured at 100°C 
for 3 hours or 80°C for 2 days. All samples were post-cured for further 24 hours at 
160°C. Samples both before and after the oxidation treatment were dried, ground and 
compressed into a KEr disk for IR analysis in the transmittance mode. 
The complexity of the hybrid membrane spectra due to the superposition of the 
absorbance peaks assigned to Nafion and organo silica has required the utilization of a 
spectroscopic subtraction approach. In particular the Nafion spectrum was subtracted 
from the overall spectrum related to the hybrid membranes. The spectral subtractions 
were performed after normalization of each spectrum with the relative absorbance at 
1200cm-I which represents the absorbance peak due to asymmetric stretching of the CF2 
groups. Furthermore the subtraction was performed only in the important fingerprint 
region between 1400 and 700 cm-I. The resultant absorbance features of polysiloxane 
after spectral subtraction were compared with those obtained for the control organo-
silica. 
3.3.2 Differential Scanning Calorimetry (DSC) 
Differential Scanning Calorimetry (DSC) is commonly used to detect transitions and 
sub-transitions such as melting point and glass transition temperature (T g) of the 
polymeric materials. 
DSC measurements were carried out with a TA Instruments DSC Q 1 000. The samples 
of neat Nafion and hybrid nanocomposite membranes were 1) heated from room 
temperature to 120°C at 20°C/min, 2) isothermally annealed for 15 min, 3) cooled at 
room temperature, and 4) submitted to a heating run up to 250°C at 10 °C/min under 
nitrogen flow. The reason for the annealing of the samples at 120°C is due to the need 
to remove water excess from the membrane that, with its broad endothermic process at 
around lOooe (i.e evaporation process) could mask polymer transitions at higher 
temperatures. 
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3.3.3 Dynamic Mechanical Thermal Analysis (DMA) 
Dynamic mechanical analysis was carried out using a TA Instruments DMA Q800 in 
the extension assembly modality (see Figure 46). 
Figure 46. Extension assembly to perfonn sinusoidal tensile 
defonnation test 
The samples, in the form of strips 02 cm 10ngD and 1 cm wide, were clamped at edges 
and subjected to a sinusoidal tensile deformation. A transducer detected the sample 
response to the applied load and by appropriate signal conditioning and data analysis, 
the instrument's software was able to evaluate the viscoelastic properties of the 
material, namely the storage modulus (E'), the loss modulus (E") and the dissipation 
factor (tan8). The tests were performed in the scanning temperature mode from room 
temperature to 200°C, at a constant rate of 5°C/min and at an oscillating frequency of 1 
Hz. Some samples were isothermally treated at 100°C for 3-4 hours before testing to 
remove the water and minimize its plasticization effect. 
3.3.4 Thermogravimetric Analysis (TGA) 
Thermogravimetric Analysis (TGA) is commonly utilized to study thermal stability of 
polymeric materials. A thermo-balance is an instrument that measures weight loss as a 
function oftemperature of a sample inside ofthe furnace. 
TA Instruments TGA 2950 was used to study the thermal degradation behaviour of neat 
Nation and hybrid nanocomposite membranes and also to evaluate the inorganic silica 
content in the membranes by taking into account the residue at high temperature. 
Samples were submitted to a heating cycle from 120°C to 700°C under nitrogen or air 
atmospheres at a heating rate of 10°C/min. All samples were isothermally conditioned 
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at 120°C before TGA tests to remove water excess. Sample weights varied between 8.0 
mg and 11.0 mg. The results were reported both as weight loss versus temperature and 
derivative of weight loss versus temperature (DTGA analysis). 
3.3.5 Scanning electronic Microscopy (SEM) and Energy Dispersive Scanning 
(EDS) 
In scanning electron microscopy (SEM) the radiation that interacts with the specimen is 
a beam of high energy electrons, produced from a filament and accelerated by a high 
voltage. Three imaging signals can be usedl02: back scattered electrons, secondary 
electrons and x-rays. Characteristic X-rays have well defined energies from different 
atoms. Thus analytical information can be obtained from an X-ray spectrum. This 
technique is well known as Energy Dispersive Scanning (EDS). Back scattered 
electrons are primary beam electrons that have been elastically scattered by the nuclei in 
the sample and escape from the surface. Thus they can be used to obtain compositional 
contrast in the sample. Secondary electrons are emitted with low energy from the top 
few nanometers of the materials. This technique yields topographic images of the 
sample surface. 
Non-conductive samples, such as Nafion and hybrids tested in this work, need to be 
gold-coated before the analysis, in order to make conductive the scanned surface. The 
instrument used in our experiments was a Leica Cambridge Instruments Ltd Stereoscan 
S440 equipped with a probe for EDS. The samples were cryogenically fractured in 
liquid nitrogen. This allowed the frozen membrane to be broken without changing its 
structure. The cut membrane was then fixed straight up on the top of the stub by an 
adhesive and observed through its thickness. 
3.3.6 Wide Angle X-Ray scattering (W AXS) 
X-ray diffraction probes the structure of the materials at a distance varying from a few 
A (wide angle X-ray diffraction) to 100 nm (small angle X-ray diffraction). The 
amorphous domains give risen to diffuse X-ray patterns whereas the crystalline domains 
yield well-defined sharp peaks, which are characteristic of the crystal geometry. 
Therefore, the X-ray diffraction is widely used to distinguish between ordered and 
disordered structures. 
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In this work Wide-Angle X-ray Diffraction investigation is used to provide information 
about the morphological properties in terms of degree of crystallinity and whether and 
how this parameter depends on the polysiloxane content. 
X-ray diffraction measurements were performed in the reflected radiation mode, using a 
Phi lips X-PERT system with a Cu Ka radiation sour~e operating at 40 kV and 50 mA. 
The range 28 investigated was from 5 up to 60° 28 and the step increment was 0.02° 28. 
The measurements were carried out under ambient conditions and the samples were at 
thermal and hygrometric equilibrium with the environment. Furthermore additional 
experiments were performed in the transmission radiation mode using an Anton Paar 
SAXSess camera equipped with a 2D imaging plate detector able to investigate the 28 
range from 0° to 40°. The 1.5418A ° Cu Ka X-Rays was generated by a Philips PW3830 
sealed tube generator source (40kV, 50mA) and the X-rays were slit collimated. 
3.3.7 Small Angle X-ray Scattering (SAXS) 
SAXS is a powerful diffraction technique widely used to investigate morphological 
aggregation or electron fluctuations in the materials of the size of tens of nanometers. 
A typical experimental setup is shown in Figure 47. A monochromatic beam of incident 
wave vector Kj is selected and hits the sample. The scattered intensity is collected as a 
function of the so-called scattering angle 28. Elastic interactions are characterized by 
zero energy transfers, such that the fmal wave vector K f is equal in modulus to K j • The 
relevant parameter to analyze the interaction is the vector q= Kj-Kr defmed by q=(41t1A.) 
sin8 103. From this scattering vector the correlation distance are calculated as d=21t/q. 
Detector 
scattered Beam J 
Incident X-Ray: I mumu)!_~ 
1 Transmitted Beam Samp e . 
K f 
Figure 47. Schematic view of a typical scattering experiment 
q 
K · 1 
The scattered intensity l(q) is the Fourier Transform of the correlation function of the 
electronic density per), which corresponds to the probability to find a scatterer at 
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position r III the sample if another scatterer is located at position O. Small angle 
scattering experiments are designed to measure l(g) at very small scattering vectors. 
Small Angle X-ray Scattering (SAXS) were performed using an Anton Paar SAXSess 
camera equipped with a 2D imaging plate detector. 1.5418A 0 wavelengths CuKa. X-
Rays were generated by a Philips PW3830 sealed tube generator source (40kY, 50mA) 
and slit collimated. The data collection was performed on 1) membranes equilibrated at 
room temperature with a water content ranging between 6 and 8 % wtlwt with respect to 
the dry weight of the membranes, depending on the chemical structure, 2) on the dry 
membrane and 3) on the membranes saturated with liquid water. In order to prevent 
dehydration, the membranes were placed in a vacuum sealed cell with transparent 
windows, located in the path of the X-Ray beam. Normalization for the primary beam, 
correction for dark current and background beam scattering were performed on the 
collected data. No de-smearing correction was applied. SAXS results were first obtained 
as 2D-dimensional images which were converted into I-D graph using OPTI-QUANT 
Software from Anton Paar Company. I-D SAXS diagrams report the scattered intensity, 
l(g) against the scattering vector, q. However, in order to have a better understanding of 
the membrane morphologies, the I-D SAXS intensity were normalised using the 
scattering invariant, INY that is the integral of the scattered intensity accordingly the 
following equation: 
Eq.23) 
Figure 48 shows the image of the apparatus SAXSess by Anton Paar with an example of 
2-D SAXS and I-D SAXS results. 
'. 
. . 
. . 
Figure 48. SAXSess instrwnent, 2-D SAXS (in the middle) and I-D 
SAXS results (on the right). 
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3.3.8 Oxidative stability 
Oxidative stability was examined by immersing the membrane samples in Fenton's 
reagent (3% H20 2 aqueous solution containing 2ppm FeS04) at 80°C for 1 hand 
determining the percent weight reduction as reported by M.Watanabe et aZ I04 . 
3.3.9 Atomic Force Microscopy (A FM) 
AFM is a new characterization technique applied in microscopy characterization of non-
conductive material surfaces. The aim of AFM is to detect interactions between the tip 
(i .e. key component of the device) and the substrate. The tip is placed on a cantilever 
whose deflection can be detected by the reflection of a suitably focused laser beam (see 
Figure 49). In the tapping mode AFM the cantilever is oscillated at a certain frequency 
with high amplitude to allow the tip to touch the sample during the oscillation. This 
method has high resolution and avoids lateral friction effects 105. 
Laser Beam 
Cantilever 
Sample 
Figure 49. The working principle of AFM 
In our case the AFM analyser used was the Veeco Caliber and it was operated in 
tapping mode. The collected data were analysed by using the WSxM Scanning Probe 
Microscopy software by Nanotec Electronica (Spain). Membranes were attached on 
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glass substrates and analyses were carried under atmospheric conditions (the membrane 
water content was between 6 and 8%wt/wt with respect to the dried membranes). 
Figure 50 shows the phase, the topography and the three-dimensional images of the 
surface of recast Nafion membrane. 
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Figure 50. Recast Nation surface morphology through AFM 
(topography, phase and 3-Dimensional images) 
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The surface of Nafion and hybrid membranes were compared usmg the roughness 
reported as Root Mean Square (RMS) which represents the standard deviation of the Z 
axis values within the collecting area. The scan covered an area of 1 x Ipm2 or 5 x 
5pm2 for several membranes. RMS is calculated as: 
24) 
where Zavg is the average of the Z values, Z; is the current Z value and N is the 
number of events or the number of examined points. Using the above equation, the 
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software analysed the Z data of the topographic image at each surface point and the Z 
distribution is plotted in Figure 51. 
RM;S Roughness: 3.139521 
1200 
~ 1000 
t:: 
ID 
> 800 ID 
u... 
0 
I- 600 ID 
..n 
>= 
:3 400 ;z 
200 
0 
0 5 10 15 20 
Topo [run] 
Figure 51 . Normal distribution of Z data for a given membrane area. 
However if the topology has several defects, the Z data analysis does not show a 
normal distribution. In this case it is not possible to evaluate the roughness. It is also 
worth noting that roughness depends on the variation and size of the AFM tip and so it 
should not be considered as absolute roughness value. 
3.3.10 Nuclear Magnetic Resonance (NMR) characterization 
I3C NMR spectroscopy are excellent tools for studying the structure of polysiloxane 
materials. In this work, the Nuclear Magnetic Resonance has been used only for the 
characterization of a few samples in order to establish the chemical modifications 
occurring when the hybrid materials are submitted to the oxidation process. The 
measurements were performed in Biotec-Agro CR ENEA Trisaia, Matera, Italy labs and 
in this context only the most relevant results have been reported. NMR spectra were 
acquired using a 600A vance Bruker spectrometer. 
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3.3.11 Ionic Exchange Capacity 
The Ionic Exchange Capacity (lE C) was detennined by titration. The membranes were 
dried at 80°C for 24h, were weighed and then were dipped in a IM NaCl solution at 
room temperature for 24h in order to replace H+ ions with Na+ ions. The excess of H+ 
ions in the solution was titrated to end point with O.IM NaOH using Phenolphthalein as 
indicator. At the end point, the quantity of exchanged protons is given by the relation 
Eq.25) 
where VNaOH is the volume of NaOH solution used upon the titration. The IEC was 
calculated using the weight of the dried samples, W dry and the quantity of exchanged 
protons according the following formula: 
Eq.26) 
3.3.12 Proton conductivity measurements 
3.3.12.1 Basic principles 
The proton conductivity of ionomeric membrane is generally obtained from the 
measurement of electrical resistance versus the flow of either alternating current (ac) or 
direct current (dc). Despite the simplicity of the dc approach, some effect of 
polarization, distribution of chemical potential and changes of electrode reactions make 
the measurement inaccurate, unstable and not reproducible. Therefore the proton 
conductivity in a material with dielectric properties was measured using the ac 
impedance spectroscopy technique. 
Electrochemical impedance spectroscopy (EIS) is a very powerful technique, based on a 
very simple experimental setup. Generally, EIS is used to characterize electrochemical 
systems (in our case the electrochemical system refers to the ionomeric membrane) in 
tenns of equivalent circuits where each elementary process is described as resistors and 
capacitors. Impedance experiments involve perturbation of the cell by a potential with 
small amplitude (around 5-100 mY) around a fixed averaged potential and measuring 
the reSUlting ac current. 
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For resistors, Ohm's law describes the relationship between the applied potential (E), 
the current (I) and resistance (R ): 
E=I·R Eq.27) 
For alternating conditions the resistance is named impedance (Z) and it is described by: 
E=I·Z Eq.28) 
The impedance (Z) is defmed as the ratio of the voltage to the current at a given 
frequency and it is represented as a complex quantity that consists of a real part 
(resistanceZ' or R) and an imaginary part (reactance Z") with phase angle e as 
described in the following equations: 
Z'= IZI· cos e 
Z"= Izl· sine 
e = tan-I (Z'/Z") 
Eq.29) 
Eq.30) 
Eq.31) 
The impedance can be expressed using the rectangular coordinate form as Z'+ jZ" 
(Nyquist plot) or as the logarithm of the absolute magnitude of total impedance (logIZI) 
vs the logarithm of the angular frequency (logO) where 0) = 2ir and f stands for 
frequency) (Blode plot). 
Nyquist plots are the most common representation of EIS data. Nyquist plots for two 
equivalent circuits are shown in Figure 52. The x-axis corresponds to real impedance 
(Z') and the y-axis corresponds to imaginary impedance (Z"), with a high-to-Iow 
frequency scan corresponding to right-to-Ieft along the x-axis. The electrical resistance 
derives from the real component of the impedance measurements (Z'= R), while the 
capacitance is calculated from the imaginary component of impedance (Z" = - YroC). 
Figure 52a) shows the Nyquist plot obtained for a resistor (R I) and capacitor (C) 
connected in series, which results in a vertical line with a high frequency intercept at RI. 
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The elements of the equivalent circuit can be connected together in different manners 
and will then yield different plots. For example, Figure 52b) shows the Nyquist plot 
obtained for a resistor (RI) connected in series to parallel-connected resistor (R 2 ) and 
capacitor (C). This results in a semi-circle centered on the real axis with a high 
frequency intercept at RI and a low frequency intercept atRI + R 2 • 
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Figure 52. Nyquist plots of two different electronic circuits 
As circuits become more complex, so do their EIS spectra. Equivalent circuits can often 
fit experimental data. However, a good equivalent circuit model must contain 
reasonable representations of real electrochemical processes in order to provide 
meaningful information. 
The two methods, widely used m the measuring the impedance of ionomeric 
membranes, are known as four-probe and two-probe methods. In the four-probe method 
two different pairs of electrode are used; the "outer pair" to impose a constant current 
and the "inner pair" to record the voltage drop as a response. In the two-probe method 
the voltage drop is measured simultaneously across the same two electrodes as a 
99 
constant current flows. The impedance in the two-probe method reflects many 
impedance components in the pathway that the current flows such as the wire 
inductance and resistance. These extra impedances are a source of error because they 
are added to the impedance of sample materials. In contrast the four-probe method 
eliminates the effects of the wire impedance, improving the accuracy also at very low 
impedance (about 1 Ohm). 
Many research groups have measured the impedance in proton conductive materials 
using both the four-probe methodl06,107 and the two-probe methodlO8• It is worth noting 
that a standard measurement method has not been established yet. Despite these 
different methodologies the proton conductivity (a, 1/Ohm*cm) is obtained applying 
the following equation: 
Eq.32) 
where R is the bulk resistance of the membrane sample derived from an impedance 
analyzer, I is the distance between the reference electrodes and S is the cross sectional 
area of the membrane sample. Here the bulk resistance consists of the ohmic resistance, 
the contact resistance and the intrinsic resistance of the electrodes. However the bulk 
resistance is only the ohmic resistance, because the other two resistances are small 
enough to be negligible. 
3.3.12.2 Experimental procedure 
The proton conductivities of the membranes were measured using the Membrane 
Conductivity Test Cell (MeTC) provided by BekkTech Company (see Figure 53) which 
makes it possible to measure the conductivity of the membrane according to the four-
probe method previously described. The cell is equipped with two platinum outer 
current carrying electrodes and two platinum wire inner potential sensing electrodes. 
The inner electrodes have a diameter of 0.75 mm and are placed at a distance of 0.425 
cm. 
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Figure 53. Schematic diagram of the Membrane Conductivity Test Cell: 
1, membrane, 2, the outer Pt electrodes and 3, the inner Pt electrodes. 
The measurement cell was connected to an electrochemical workstation formed by a 
potentiostat and a frequency response analyser (Solartron SI 1280B). The instrument 
was used in galvanostatic mode with ac current amplitude of O.OlmA over a frequency 
range from 0.1 to 20000Hz. The membranes to be tested were generally strips 
approximately 1 cm wide, 2cm long and variable thickness according to the different 
preparation procedures. Control of humidity and temperature was obtained by placing 
the Membrane Conductivity Test Cell in a water jacketed cell partially filled with water 
and connected with a heater. The system was connected to a pump to remove the 
residual air (see Figure 54). A thermo-hygrometer probe was inserted inside the water 
jacketed in order to control the water vapour activity and the temperature. All 
measurements were ascribed to the temperature and water activity values read by the 
probe. The proton conductivity measurements were carried out at temperatures ranging 
from 30 to 80°C and at a vapour water activity of 1. Alternatively saturated MgCh and 
NaCI salt solutions were used to set the humidity in the range 55-40%UR and 75-
55%UR for temperatures ranging from 40 to 70°C. 
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Figure 54. Schematic description of the system used for the proton 
conductivities measurements 109 
The apparatus reported in Figure 54 was also used to measure the proton conductivity of 
membranes completely saturated in water. The Membrane Conductivity Test Cell with 
the membrane was initially immersed in water and then, when thermal equilibrium was 
reached, it was extracted from the water and the proton conductivity was measured 
immediately. 
A different apparatus was used to measure the ionic conductivity of the membranes at 
temperatures higher than 80°C (up to 120DC) all over the activity range (from 0.2 to 
0.95). In particular the MCTC cell was connected both to the electrochemical 
workstation and a Gas Delivery System (BekkTech Company) which provided a 
nitrogen flow at controlled humidity (see Figure 55). All the membranes were in their 
acid state and immersed in water at room temperature overnight prior to conductivity 
measurements. 
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Impedance Analyzer 
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Figure 55. BekkTech workstation for measuring the proton conductivity as 
function of temperature and water activity. 
Impedance data collection was performed in the frequency range where the phase angle 
e approaches the value O. In this region the value of complex impedance is equal to the 
real impedance or ohmic resistance because the imaginary component becomes 
negligible. 
Figure 56 shows the Nyquist and Bode plots obtained during the determination of the 
impedance of a proton conductive Nafion membrane. 
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Figure 56. Nyquist plot (on the left side) and Blade plot (on the right side) 
for Nafion membrane. 
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3.3.13 Water vapour sorption 
3.3:13.1 Basicprinciples 
Water vapour sorptionldesorption experiments were performed by rapidly exposing the 
polymer sample, which is initially at water activity a j , to an activity a f and recording 
simultaneously the increment (or decrement) of weight with the time. When af > a j the 
experiment is called a sorption experiment while when a f < a j the experiment is called 
a desorption experiment. 
The water transport through a polymer film is a complex· "solution-diffusion" 
mechanism: condensation and solution of the water at one surface of the membrane, 
followed by diffusion under the influence of a concentration gradient (chemical 
potential) and finally evaporation at the other surface to the gaseous state. 
Initially the water concentration in the film is uniform so the initial condition may be 
written: 
Eq.33) 
where I represents the film thickness (the origin of x-axis is located in the centre of I). 
When the sample is exposed to external water vapour at activity a f' the water 
concentration on the film surface reaches quickly the value C£20 in equilibrium with 
the external phases. The boundary conditions may be written as: 
Eq.34) 
In the transient state, when the polymer film absorbs water from the external phase, the 
water concentration is a function of position (within the polymer film) and time. 
Fick's second law of diffusion describes the non-steady state. Assuming that the 
diffusion coefficient D is a constant across the membrane thickness (ideal Fickian 
material), Fick's second law then reduces to (in unidirectional case): 
aC(x,t) =~[DacJ 
at ax dX 
Eq.35) 
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An analytical solution of the above equation for the initial and boundary conditions was 
given by Crank I 10: 
Eq.36) 
where M(t) is the water absorbed (during a sorption experiment) or desorbed (during a 
desorption experiment) at time t, Meq is the mass absorbed at the equilibrium and ierfc 
is the error function widely defined in the mathematical field. 
For M(t)/ Meq < 0.5 - 0.6 the terms of the summation are negligible and the previous 
equation can be approximated by: 
Eq.37) 
The M(t)/ Meq ratio (normalized water vapour sorption), which is experimentally 
determined, for values lower than 0.5-0.6 is a linear function of tll2. Figure 57 shows a 
graph which displays schematically the normalized water vapour sorption M(t)/ Meq vs 
t1/2• The slope of the curve m may be used for the determination of the diffusion 
coefficient according the following equation: 
( D)1f2 m=2 -llP 
M(t)/Meq 
Eq.38) 
oL---------------------------
t 1l2 
Figure 57. Water vapour sorption normalized for ideal Fickian material 
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For ideal Fickian materials (D is a constant) sorption and desorption curves (kinetic 
curves) are superimposedable and Dsorption=Ddesorption. 
For non-ideal Fickian materials, i.e when D is a function of water concentration, it is 
still possible to use the equation above in the same range of M(t)/ Meq but the D 
coefficient now represents an estimate of the integral mean of diffusivity in the range of 
concentration used for such experiments. In particular in the case of differential sorption 
experiments (the external concentration is increased a little bit step by step), D is an 
estimate of the average diffusivity for the concentration range given by initial and final 
concentrations used for the test. For non-ideal Fickian materials sorption and desorption 
curves (kinetic curves) are not superimposible. In particular because D is a function of 
the concentration, when D increases with concentration the sorption curve is above the 
desorption one. The opposite is observed when D decreases with the concentration. 
For sake of completeness when D is a function of spatial coordinates (non homogeneous 
media) or of time (relaxing polymers) the materials are named as Anomalous or Non-
Fickian materials. In this case the sorption and desorption curves can cross each other. 
3.3.13.2 Experimental procedure 
Water vapour sorption isotherms were obtained using an apparatus consisting of a 
quartz spring placed in a water jacketed glass cell with service lines to a solvent 
reservoir and to a pressure transducer!!!. The schematic apparatus is shown in Figure 
58. 
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Figure 58. Schematic apparatus for vapour water sorption112• 
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Before each test a high volume flask (around 200cm3), connected with a valve to the 
spring sorption cell, was pressurized with water vapour connecting it to the vapour 
phase of a degassed liquid water reservoir. The equilibrium sorption values as well as 
the differential sorption kinetics were determined using step activity increments. This 
procedure enables the evaluation of the dependence of diffusivity coefficient of the 
water on its concentration in view of the limited concentration interval of each sorption 
test. The quartz spring used for these experiments had a sensitivity equal to 5 mg/cm. 
Spring elongation was monitored using a travelling microscope capable of measuring 
displacements as small as 0.005 mm. 
The vapour water sorption is generally reported as absorbed water weight/dry polymer 
weight (wtlwt %) ratio and it is determined according the following equation: 
vapour water sorption = lK. (~eq - ~dry)/ K . ~dry J.I00 Eq.39) 
where K is the spring constant (it depends on temperature), L1xeq is the displacement of 
the spring at equilibrium while L1xdry is the displacement when the sample is dry (before 
starting the measurement). Both L1xeq and L1xdry are measured with respect to the 
elongation of the spring without any samples. 
The vapour water sorption measurements of the samples were carried out at 40, 60 and 
70°C in the range of activity between 0 and 0.8, corresponding to the different extents 
of hydration of hydrogen fuel cells in the transient start-up phase. 
Additional water vapour sorption experiments were performed by using an automatic 
balance Q5000A SA sorption analyzer giving a better reliability in the sorption kinetics 
used for the determination of diffusivity as function of water concentrations. In this case 
sorption experiments were conducted by increasing in steps the external water activity 
or Relative Humidity (RH) around the sample. The single step in RH was equal to 0.05 
and was automatically imposed by the instrument mixing a stream of water saturated 
nitrogen with dry nitrogen up to the fixed RH. Actually the system does not assure a 
real step increase, but it takes some few minutes to reach the imposed final RH, as 
detected by a humidity sensor placed in the sample chamber. The sensor, however, 
monitors and registers the actual value of RH in the sample chamber as function of 
time, thus enabling the use of this information to impose the appropriate time-evolving 
107 
boundary conditions to the differential mass balance equation used to model the mass 
uptake values during each step of the sorption experiment. 
The evolution of concentration is given by taking into account the Fick's second law 
(see Eq. 35) where the Fick's first law was assumed to be a constitutive equation for the 
mass flux, c is the water concentration inside the polymeric phase, t is the time, x is the 
spatial variable and D represents the mutual diffusivity. 
When analysing a single sorption step, by comparing experimental kinetic results with 
theoretical results from integration of Eq 35), the following assumptions have been 
made: 
Mutual diffusivity D, although actually changing with water concentration, is assumed 
to be constant, in view of the limited change of concentration between the final and 
initial equilibrium state. 
Instantaneous equilibrium is assumed to be reached between the external environment 
and polymeric phase. On this basis, the external RH as measured by the instrument can 
be readily converted into water concentration values at the interface of the polymeric 
phase, making it possible to impose required time-dependent boundary conditions for 
Eq35. 
On the basis of previous considerations, the calculated solution of Fick's second law in 
terms of concentration as a function of position and time is used to evaluate the 
theoretical mass sorption at each time by simple spatial integration. Consequently 
mutual diffusivity values for water at different concentrations are obtained by 
minimizing the difference between experimental and theoretical mass sorption kinetics. 
The mutual diffusivity determined by this procedure is a kind of average diffusivity in 
the range of the concentration of water adsorbed related to the sorption step. This 
diffusivity value D has been assigned to the average concentration of water for the 
sorption test because the differences of water concentration are very small, i.e: 
D=D((Cj +Ci+I)/2) Eq.40) 
where Cj and Ci+1 are respectively the initial and final water concentration pertaining to 
the single sorption test. The procedure has been adopted only up to RH values for which 
the concentration change was lower than 1 % in each step. This procedure enables us to 
obtain the diffusivity as a function of the water concentration, i.e. D = D( C) . 
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The vapour water sorption measurements of the samples were carried out at 40, 55, 70 
and 80°C in the range of activity between 0 and 0.9 corresponding to the different 
states of hydration of hydrogen fuel cells in working conditions. 
3.3.14 Water liquid uptake 
The membranes were dried in a vacuum oven at 80°C for 24 h and then they were 
weighed. The dried samples were immersed in distilled water for 24h at room 
temperature. The water uptake was calculated as: 
Waterliquiduptake = (W"!(l( -WdIY ) / *100 / Wdry Eq. 41) 
where ~vet is the weight of wet membranes and Wd1y is the weight of dry membranes. 
3.3.15 Methanol Permeability 
The Methanol Permeability or Methanol CrossOver was evaluated by usmg a 
"homemade" assembly consisting of a two-compartment glass cell (see Figure 59). 
Membrane 
Stirrer bars 
Figure 59. Glass cell for membrane methanol penneability 
measurement 
Compartment A (Volume = 56mL) was filled with a 2M methanol solution. 
Compartment B (Volume = 56mL) was filled with de-ionized water. The membrane 
was clamped between the two glass cells, which were kept under stirring conditions. A 
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methanol flux establishes across the membrane due to the concentration gradient. Its 
concentration in the receiving compartment B as a function oftime is given by113, 114 
dCB ( ) V -=A· D·KIL ·C 
B dt A Eq.42) 
where CA and CB are the two methanol concentrations, A and L the membrane area and 
thickness; D and K are the methanol diffusivity and partition coefficient between the 
membrane and adjacent solution, respectively. 
Assuming that D inside the membrane is constant and K does not depend on the 
concentration, the membrane permeability P (P = D . K) could be simplified to: 
Eq.43) 
CB was measured every 10 minutes up to 100-150 minutes after the starting time (i.e to) 
and the permeability was calculated from the slope of the graph CB versus time. Starting 
time refers to the measurement after the cell had been equilibrated for about 5 minutes. 
The methanol concentrations were measured using a gas mass chromatograph (Varian 
Star 3400) fitted with a flame ionization detector (FID). The column was a fused silica 
capillary column. The carrier gas was He. The samples (1.0IlL) were drawn from the 
compartment B every ten minutes using a micro syringe (Hamilton). Methanol 
calibration standards (0.17M, 0.08M, 0.04M, 0.02M, O.OIM and 0.005M) were run at 
the beginning of each experiment. 
For temperature control, the entire setup was placed in a water bath. The membranes 
were soaked in water before measurements. 
3.3.16 Water sorption by in situ time resolved FTIR spectroscopy 
FTIR spectroscopy has been successfully used for the investigation of water sorption 
processes in polymers. This approach provides an accurate determination of the water 
concentration as a function of the time as well as a lot of information at molecular level 
related to the water/polymer interactions. Significant advancement in this area has been 
achieved with the development of in situ FTIR spectroscopy in transmission mode 
which dramatically improves the accuracy of the transport kinetics analysis. In this 
arrangement a free standing film is placed in a cell which allows careful control of the 
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environment (water activity and temperature). The interference of the water vapour is 
carefully eliminated by using, as background, the spectrum of the cell without the 
polymer sample at the test conditionsl15. 
Figure 60 shows a representation of the apparatus used for the in situ real time FTIR 
spectroscopy. 
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Figure 60. Schematic representation of the apparatus for in situ FTIR 
spectroscopy 
The cell is made of stainless steel and is equipped with a water jacket for temperature 
control. KBr windows have been used to allow the IR beam to pass without undesired 
absorption. The cell is kept at the test temperature while the rest of the apparatus' 
remains at room temperature. Before performing a sorption test the sample is dried in 
the cell which is kept at 85°C and under vacuum until complete disappearance of the 
characteristic water IR absorbance bands. The membranes have by a thickness in the 
range from 7 to 20Jlm. After desiccation, the solvent reservoir containing distilled water 
is opened to let water vapour to enter into apparatus until the desired water activity is 
attained. After stabilization of the pressure, the connection to the cell is opened and IR 
computerized acquisition (Time Base software from Perkin Elmer) is simultaneously 
started. The IR bench is a Perkin-Elmer System 2000 interferometer. Instrumental 
parameters are as follows: resolution equal to 4 cm- l , optical path difference (OPD) 
velocity equal to 0.2cm/s, spectral range 4000-400cm- l . A single data collection, as 
single beam, was performed for each spectrum and took 1.2 s to complete. The 
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experiments were performed at 30°C with a water vapour activity ranging from 0.05 to 
0.7. 
The single beam spectra are then processed both to obtain the absorbance spectra of 
membrane and water and the water spectra alone. In the former case the background is 
the cell with the membrane filled with water vapour at exactly the same pressure at 
which sorption test has to be performed. In the latter case the background is the first 
spectrum related to the "almost" dried sample with water vapour. The spectra of sorbed 
water at different times can also be obtained by a spectrum subtraction approach, i.e.: 
Eq.44) 
where i) A is the absorbance, ii) the subscripts d, sand r denote respectively the 
difference, sample (wet specimen) and the reference (dry specimen) spectra and iii) k is 
an adjustable parameter used to compensate for thickness differences between the 
sample and reference spectra. 
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CHAPTER 4 
4 Results and Discussion 
This chapter concerns the main aspects of the research including the experimental 
results, their interpretation and corroboration in relation to the objectives and the 
literature review. In particular the results concerning the two different preparation 
routes: Membrane infusion procedure and Membrane cast from precursor solutions are 
reported and discussed. 
4.1 Membrane infusion procedure 
4.1.1 FTIR and ATR Analysis 
Figure 61 shows the FT -IR transmission spectra of polysiloxane powder collected both 
before and after the oxidation process. The polysiloxane powder was obtained for the 
precursor silica solution, used for the Nafion hybridization, which had been gelled by 
heating at 60°C for around 24 hours. 
The principal FTIR absorbance peaks are briefly summarized in Table 3116,1l7. 
The spectra indicate that the intensity of the band at 2575 cm-1 ascribed to SH terminal 
groups present in the polysiloxane before the oxidation treatment decreases as a result 
of their oxidation to S03H groups. 
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Figure 61. FTIR spectra of po lysiloxa ne collected before and after the 
oxidation process. 
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The ratio of the integrated area of SH stretching absorbance band to the area of CH2 
stretching absorbance band reduces from 0.19 to 0.09 as an effect of the oxidation 
procedure. 
The result confirms that oxidation conditions are not able to convert all SH groups to 
S03H groups. This could be also justified by taking into account the difficulties of 
diffusion of the oxidation solution into the silica particles and the poor accessibility of 
SH groups present inside the silica network. It is also worth noting that the absorbance 
peaks related to asymmetric and symmetric stretching modes of the S03 - groups, which 
are expected respectively at 1040 and 1100 cm-I, are not evident as they superimposed 
onto the intense peaks of silica network due mainly to the Si-O-Si stretching modes. 
Figure 62 shows the FTIR-ATR spectra of the Nafion 117 and hybrid membranes 
obtained by using a precursor solution with weight ratio MPTMS/TEOS equal to 65/35 
after 20 minutes impregnation time. In particular FTIR spectra of the hybrid membranes 
collected before and after the oxidation process are shown. All spectra are normalized 
for the absorbance at 1200 cm-! which represents an internal thickness standard. The 
major vibrational features (Table 3) associated with the Nation polymer are present in 
. all spectra. The presence of polysiloxane affects the shape of the absorbance bands in 
the region between 900 and 1200 cm-I. In particular it is evident that with respect to 
unmodified Nafion the absorbance of the hybrid membranes is significantly increased at 
around 1080 cm-I, 1040 cm-! and at 900-940 cm-I. 
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Figure 62. ATR spectra of unmodified Nafion 117 and hybrid membranes 
M/T 65/35 20 min before and after oxidation process. The inset graph reports 
the Nafion spectrum all over the range of wave numbers. 
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Comparing the spectra related to hybrid membranes it is possible to observe a 
significant reduction of the absorbance intensity at 1040 cm-1 that takes place with the 
oxidation process. The result . confirms that the oxidation process affects the 
polysiloxane structure inducing a partial removal or leaching of the inorganic inclusion. 
Table 3: FTIR band assignments ofNafion 117 and polysiloxanel18• 
Absorbance peaksa Wavenumbers, cm-1 
Nation 117 
vs(H20)n broad 
o(H20)n 
v(C-C) 
vas(CF2); Vs(S03-) 
vas(CF2) 
vs(SOn 
vas(COC) 
vs(COC) 
v(C-S) 
ID H20; 0 (CF2) 
2860-3400 
1640 
1300, 1319, 1384 
1200 
1160 
1056 
987 
968 
804 
640 
Organo modified silica 
vasCSiOSi) cyclic oligomers 
vas(SiOSi) linear oligomers 
vs(SiOSi) siloxanes (SiO)n 
vs(SiOSi) siloxanes 
r(SiOSi) siloxanes (SiO)n 
v s(Si-C) 
vsCSiOH) 
vs(SH) 
vs(CH2) 
vs(CH2) 
1080 
1040 
1130 
800 
476 
870 
900-960 
2575 
2950-2850 
1410, 1430, 1455 
a v, stretching; 0, bending; 00, wagging; r, rocking; as, asymmetric, s, symmetric 
In order to have a better understanding of the polysiloxane transformations involved in 
the oxidation process it is opportune to isolate the silica spectrum. This may be obtained 
by subtracting the spectrum of unmodified Nafion from the spectra of the hybrid 
membranes. The subtraction spectroscopy is performed according the following 
formula: 
Eq.45) 
where ~ is the difference spectrum characteristic of po lysiloxa ne, As is the spectrum of 
the sample, Ar is the spectrum of unmodified Nafion (i.e reference spectrum) and k is an 
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adjustable parameter used to compensate the different refractive index of the materials. 
In this case k is determined by reducing the absorbance of the internal standard at 
1200cm-1 to zero. 
Figure 63 shows the difference spectra related to the polysiloxane inside hybrid 
materials collected before and after the oxidation process. The region between 700 and 
1200 cm-I, which contains the finger print absorbance bands for the polysiloxane 
network, has been investigated 119. 
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Figure 63. ATR difference spectra of hybrid Mff65/35 20min. 
The spectrum related to the polysiloxane before the oxidation process presents 
absorbance peaks at 980-968 cm-I which can be attributed to Nafion polymer. Their 
presence is certainly due to the choice of not-optimised k parameters and so it represents 
an artefact of the subtraction spectroscopy process. 
The main features identified in difference spectra are the absorbance bands of the SiOSi 
stretching vibration at 1080 and 1020-1040 cm-I and the absorbance of the SiOH 
stretching vibration at 930-940 cm-I. The SiOSi stretching component at higher 
wavenumbers has been attributed to cyclic silica structure whereas the SiOSi 
component at lower wavenumbers has been attributed to linear structure 120. The ratio 
between the absorbance intensities at 1080 and 1040 cm-I provides a measure of the 
degree of molecular connectivity within the polysiloxane network whereas the SiOH 
absorbance quantifies the population of unreacted -OH groups. It is worth noting that 
before the oxidation, the polysiloxane presents a prominent linear character. In fact the 
intensity of the band at 1040 cm-I is higher than that at 1080 cm-I. After the oxidation 
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process the absorbance intensity of the linear silica structures reduces, becoming 
comparable with the absorbance intensity of the cyclic silica structures. 
These results can be interpreted by suggesting that the acidic treatments due to the 
oxidation procedure hydrolyse the weaker linear silica structure or simply remove the 
lower molecular weight structures. 
Figure 64 reports a rough schematic representation of polysiloxanes characterized by a) 
cyclic structure and b) basically linear structure. 
a) 
Figure 64. Schematic illustrations ofpolysiloxane networks that are a) 
highly cyclized and b) linear with some branches. 
The linear and branched polysiloxane structure originates mainly from 
mercaptopropylthreemethoxysilanes (MPTMS) present in the precursor silica solution. 
This silane, which has only three functionalities or alkoxygroups (-OR), interrupts the 
dense growth and cyclization of the SiOSi network during the condensation reactions. 
The higher is the MPTMS amount in the precursor silica solution, the higher is the 
fraction of linear silica structure in the generated network. According to this view, it is 
evident that the leaching of the linear silica involves a partial removal of SH or S03H 
groups introduced in the hybrid membrane with the polysiloxane domains. 
In Figure 65 are displayed the difference spectra related to the hybrids MlT35/65 20min 
and MlT65/35 20min. The two spectra display the same features which indicate the 
presence of the cyclic and linear silica structures. However it is important pointing out 
that although the degree of connectivity (ratio between absorbance intensity for cyclic 
silica and intensity for linear silica) is almost identical, the hybrid materials generated 
from MlT35/65 precursor solution shows the higher polysiloxane amount. This result 
agrees with the prior proposal that the linear silica structure generates primarily from 
MPTMS silanes and consequently the lower is its content the stronger and more 
crosslinked is the silica produced inside the Nation membranes. 
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The spectra indicate also that the SiOH absorbance intensity reduces when the weight 
ratio MPTMS/TEOS increases, as is reasonable. Mauritz et al. 120 stated that when 
TEOS reacts with increasing alkylalkoxysilanes amounts, the total SiOH concentration 
decreases accordingly. Concomitant to the reduction in SiOH absorbance it is possible 
to observe the increment of the absorbance peak at 1263 cm-I assigned to symmetric C-
H stretching in -Si-CH2- groups. 
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Figure 65. FTIR-ATR subtraction spectra of hybrid composite 
membranes with ratio MPTMSrrEOS 35/65 and 65/35 at 20minutes 
impregnation time. 
In conclusion it is very important to compare the FTIR spectra of the control 
polysiloxane (see Figure 61) and the subtraction spectra related to the polysiloxane 
generated inside the Nation membrane (see Figure 65). This comparison allows us to 
assess both whether the subtraction spectroscopy procedure effectively isolates the silica 
spectrum from the hybrid membrane spectra and how the polysiloxane obtained by sol-
gel inside the swelled Nation membrane is affected by the acidic environment due to the 
sulphonic clusters. 
It is clear that in the characteristic region of the polysiloxane network (1000-1200 cm-I) 
the spectra have almost the same shape with only slight differences. This result 
continns that the spectroscopy subtraction procedure is reliable and the difference 
spectra give a complete view of the silica inside the Nation membranes. However it is 
worth noting that the spectrum related to the reference silica (see Figure 61) shows 
along with the absorbance band at 1040 cm-I a strong absorbance band peaked at 1140 
cm-I. In this spectrum it is not easy to identify the absorbance band at 1080 cm-I 
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previously assigned to the cyclic silica. This band might be overlapped by the 
absorbance peak at 1140 cm-I which would identify a new silica structure, probably 
more cross-linked. At the same time the 1140 cm-I band could be seen as the natural 
evolution of the 1080 cm-I absorbance band as the cyclic silica is generated outside the 
Nation membrane. The shift of the cyclic absorbance band from 1080 to 1140 cm-I 
shows that the silica inside the membrane interacts with the acidic environment of the 
sulphonic clusters as proposed by Tang et al. 84 in their self-assembly model interaction. 
The electrostatic interactions modify the condensation process of silica colloidal 
nanoparticles during the sol-gel process favouring the formation of silica which is less 
dense and crosslinked. 
Figure 66 displays the ATR spectra of Nation 117 and hybrid membranes obtained by 
precursor solution with weight ratio MPTMS/TEOS equal to 35/65 at 20 and 5 minutes 
impregnation time. All spectra are related to the membranes submitted to the Oxidation 
treatment. The major vibrational features associated with the Nation polymer are always 
present in all samples. The polysiloxane in the hybrid membrane spectra is well 
detectable from the comparison of the spectral shapes in the region between 900 and 
1100cm-l . 
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Figure 66. ATR spectra ofNafion 117 and hybrid membranes obtained 
with MPTMSrrEOS weight ratio equal to 35/65 at different 
impregnation time. 
The spectroscopic results confirm that the polysiloxane is present in the hybrid 
membranes even after the oxidation process for the conversion of SH to S03H groups. 
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In other words any hydrolysis reactions that may have also occurred have produced a 
partial removal of the silica network. 
4.1.2 Thermogravimetric analysis 
The thermograms of unmodified Nafion and hybrid oxidised membranes eMIT 35/65 
5min and 20min) collected under an air atmophere are displayed in Figure 67. 
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Figure 67. Thermograms of unmodified Nafion and hybrid composite 
membranes. The inset reports the derivative TGA graph ofNafion 
membrane. 
All the materials retain more than 95% of their weight up to a temperature of 280°C. 
Samms et al. 121 demonstrated that for unmodifed Nafion membrane losses occurring in 
the range between 120°C and 250°C involve residual water embedded in the clusters 
structure of the ionomer and strongly bound to the sulphonic groups. As for the hybrid 
membranes the initial gradual loss can be also attributed to residual ethanol and glycerol 
molecules that are volatilising over the temperature range. At temperature above 250°C 
all membranes start to decompose. In the thermogram of unmodified Nafion three 
thermally activated degradation processes can be distinguished. The first peak at around 
320°C accounts for the loss of sulphonic acid groups, the second one at around 420°C 
accounts for the decomposition of polyether side chains while the third one at around 
500°C is related to the decomposition of the CF2 backbone ofNafion polymer122. As far 
as the hybrids are concerned the temperatures at which these decompositions occur shift 
with respect to those of unmodified Nafion. The first decomposition temperature 
120 
increases slightly up to 330°C while the thennal decomposition temperature of 
backbone polymer decreases down to 460°C. The several degradation temperatures 
have been detennined by derivative analysis of the TGA thennograms (see inset of 
Figure 67). 
The increment of the sulphonic decomposition temperature could be related to the 
stabilization effect of S03H groups in the polysiloxane framework 123 • At the same time 
the polysiloxane nanoparticles incorporated in the Nafion films alter the degradation 
mechanism of the Nafion membranes. At high temperature the acidic gases (HF gases) 
generated by CF2 backbone degradation and S02 and SO gases due to thennal activated 
decomposition of sulphonic acid groups are likely to cause degradation of silica 
framework and reduce the onset weight loss temperature of the polymer structure123. 
It is worth noting that the prominent weight loss at 330°C observed in the thennograms 
of the composite membranes can not be justified taking into account only the thennal 
decomposition of S03H groups. As previously mentioned the excess of acidic sites 
induces an acid-catalyzed degradation pathway which probably reduces at around 
330°C the onset thennal degradation of the propyl pendant groups bound to silicon 
atoms124. 
Figure 68 shows the thennograms of unmodified Nafion and hybrid composite 
membranes (M/T 35/65 20min) collected before and after the oxidation process. 
Surprisingly the shape of the thennograms related to the hybrid membranes are similar 
and display the same thennal decomposition processes described previously. It seems 
that the only difference is represented by the presence of the residue at high 
temperature. The membrane submitted to oxidation treatment shows the lower residue. 
121 
100 
80 
-~ 60 ~ 
~ 0 
-~ 40 
..c 
Cl 
Q) 
20 S 
0 
.... -.-.-. .:.:.::..~ ... "':~ " 
\.\ 
'. , 
-Nation 
" \, \\ \ , , , 
\ "', 
'. , 
'. , 
'. , 
'. , 
" i' . , 
'. , 
, , 
\ , 
\' \, 
.. 
--'- MlT35/65 20min before oxidation treatment 
- - - - MlT35/65 20min after oxidation treatment 
" 
,~.:--.-.-.-.-.-.-----
100 200 300 400 500 600 700 
Temperature, CC 
Figure 68. Thennograms of unmodified Nafion and hybrid membranes 
collected before and after oxidation process. 
The residual weight at high temperature represents a reasonable estimation of the 
polysiloxane content. 
Table 4. Polysiloxane content of the oxidised membranes. 
Materials Residue, % wt 
Mff 35/65 5min 8.1 
Mff 35/65 20min 10.8 
Mff 65/35 5min 7.1 
Mff 65/35 20min 9.2 
The data reported in Table 4 show that the polysiloxane content increases with the 
dipping time of the membranes into the polysiloxane precursor solution. It is also 
evident that the precursor solution having a higher weight ratio MPTMS/TEOS has 
more difficulty in diffusion into the membrane giving lower silica content. 
It is also worth noting that the residue indicates the presence of silica as Si02 because 
the organic content (i.e. -CH2CH2CH2S03H moieties) of the polysiloxane is thermally 
decomposed at temperatures lower than 600-700°C. This means that the actual content 
of polysiloxane into the membranes is higher than the inorganic residue evaluated 
through TGA analysis. 
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Figure 69 displays the thermograms of MlT35/65 polysiloxane collected before and 
after oxidation treatment. 
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Figure 69. Thermograms of Mff35/65 polysiloxane collected before 
and after oxidation treatment. 
The shape of the thermograms related to the control polysiloxane is very similar to 
those of hybrid membranes (reported in the previous Figures). The residue at high 
temperature is about 68% and it is invariant with respect to the oxidation treatment. This 
evidence confirms that the silica produced as reference material has a structure more 
compact and resistant to the hydrolysis reactions induced by acidic treatment. 
Assuming that the residue of polysiloxane is about 68% and the residue of unmodified 
Nafion polymer is almost zero, it may be possible to roughly estimate the polysiloxane 
content inside the hybrid membrane applying a simple model for additive contributes. In 
this case the actual polysiloxane contents including their organic content would be 
16.6% wtlwt and 12.5% wtlwt for the hybrid membranes named respectively MlT35/65 
20minutes and 5minutes. 
4.1.3 Differential Scanning Calorimetry (DSC) analysis 
DSC thermograms for hybrid membranes and unmodified Nafion have been collected 
with two different thermal procedures: 
a) heating from 30 to 280°C at the rate of lOoC/min; 
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b) heating run from 30 to l20°C, isothenn run at l20°C for 15 minutes, cooling 
back to 30°C at the rate of 10°C/min and subsequently heating run to 280°C at 
the rate of 10°C/min. 
Figure 70 shows the DSC thennograms of hybrid membranes MlT 35/65 subjected to 
the thennal treatment a). 
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Figure 70. DSC thermograms of hybrid membranes Mlr 35/65 5min 
and Mlr35/65 20min 
The sample MlT 35/65 5min exhibits a broad endothennic peak between 60 and 220°C 
and a further endothennic peak at 240-260°C. The broad peak can be deconvoluted in 
two endothennic peaks partially overlapped and located at about 140°C and 200°C. 
According the literature l25 it would be natural to consider the peak at 140°C originated 
by a polar cluster phase transition while the peak at 200°C is due to the melting of 
crystalline regions. Nation membranes display the cluster transition at 146°C and the 
melting transition at around 21O°C125. The sample MlT 35/65 20min does not display a 
transition at 140°C while the melting transition can be observed. With regard to the 
disappearance of the lower transition one might infer that the invasive silica growth 
disrupts the natural packing and the interactive cohesion of sulphonic acid groups 
within the clusters with consequent disappearance of the associated thennal transition. 
Since the thermal analysis of Nation is a matter of controversy in the literatureI26 and 
the assignment of the several endothermic bands is affected by huge uncertainty it is 
possible to propose a different interpretation of the experimental results. The band at 
140°C could be seen as the overlapping of the endothennic peak due to the 
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volatilization of water strongly bounded to sulphonic groups (100-120°C) and the 
endothennic peak due to the clusters transition whose minimum is likely located at 
around 160°C. The endothennic peak whose minimum is located at around 200°C could 
be assigned to the melting transition of crystalline domains. In this hypothesis the 
endothennic peak at 240°C could be connected with the silica network but at moment 
its assignment is doubtful. According to this interpretation the two composite 
membranes show both the clusters transition and the melting transition while the 
difference could be the amount of water bounded in the cluster structure. 
Figure 71 displays the DSC thennograms of unmodified Nafion and hybrid membranes 
submitted to the temperature treatment b) previously reported. The crystalline melting 
transition is quite prominent and similar to that observed for the samples subjected to 
thermal treatment a) whereas the polar phase transition is practically suppressed by the 
thermal treatment b). This could be associated with the thermally activated molecular 
rearrangement within the polar clusters. Molecular disorder within sulphonic clusters is 
frozen during the cooling step from 120° to 30°C. Then when the membrane is reheated 
the clusters phase transition appears very weak because the cohesiveness between the 
sulphonic groups within the clusters had been earlier disrupted127• 
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Figure 71. DSC thennograms ofunmoditied Nation and hybrid 
membranes subjected to thennal treatment b). 
Some interactions may occur between the polysiloxane and the acidic clusters as the 
polar transition at around 140°C is not well defined in sample MlT35/65 20 minutes for 
either methodologies a) or b). These interactions could be electrostatic or dipole-dipole 
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interactions that take place between the sulphonic groups and the SiOH groups present 
onto the silica surface within the clusters. The existence of these weak interactions has 
been detected by FTIR spectroscopy .. 
Figure 72 shows the FTIR-ATR spectra of unmodified Nafion and hybrid membranes 
MlT35/65 at different impregnation time in the range between 1000 and 1090 cm-I. 
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Figure 72. FTIR-ATR spectra of unmodified Nafion and hybrid 
membranes M/T35/65 at different impregnation time 
For unmodified Nafion the absorbance peak related to the symmetric stretching of S03-
groups is centred at 1056cm-l . As far as the hybrid membranes are concerned, the same 
absorbance band shifts towards lower wavenumbers moving at 1055cm-1 and 1054cm-1 
when the impregnation time increases. This slight red-shift may be due to interactions 
between the sulphonic groups and the silica surface. It is well known that the shift in the 
S03- symmetric stretching peak occurs when the -S03- groups interact with positively 
charged functionalities 128. 
Amorphous silica show two types of surface groups: the doubly coordinated oxygen 
atom i.e. Si-O-Si and the oxo groups SiO-. The doubly coordinated Sh-O group shows a 
very low affinity with proton so the charging behaviour is dominated by the oxo group 
through the following reaction scheme83 which enhance the presence of positively 
charged functionalities: 
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Si OH;! + = SiOH = SiO' 
.. 
Figure 73 depicts a schematic representation of the possible interactions that take place 
withjn the clusters during the growth of the polysiloxane domains. 
Nafion 
• Sulfonic group 
Figure 73. Schematic representation of interactions between sulphonic 
groups and silica domains. 
4.1.4 SEM EDS analysis 
In Figure 74, 75 and 76 are shown the micrographs of the cross-section of unmodified 
Nafion and M/T 35/65 5min and MlT 65/35 5min samples. At the level of magnification 
used the unmodified Nafion displays a smooth fracture surface while the appearance of 
the surface of hybrid membrane is indicative of a coarse morphology resulting from the 
formation of the polysiloxane domains inside the swollen clusters. 
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Figure 74. Micrographs ofunmoditied Nation membrane 
Figure 75. Micrograph ofMff 35/65 5min sample 
Figure 76. Micrograph ofMff65/35 5min sample 
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A depth profiling analysis was carried out on hybrid membranes in order to determine 
the distribution of silicon and fluorine throughout the membrane thickness. The Si/F 
ratio was estimated quantitatively and the results are presented in Figure 77 for the WT 
35/65 5min and WT 65/35 5min membranes. 
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Figure 77. Atomic ratio SiIF vs dimesionless distance from the surface 
related to M!f 35/65 5min and M!f 65/35 5min hybrid membranes. The 
inset is related to the EDS collected near the surface of the membrane 
The distribution of silicon throughout the thickness is non-uniform and unsymmetrical. 
The U-shaped concentration profile suggests that the reactions leading to the formation 
of the polysiloxane domains are diffusion controlled, as also suggested by Mauritz et 
a/.J29. Comparing the Si concentration profiles for the two hybrid membranes, it is 
evident that the higher the MPTS/TEOS ratio the lower is the silicon element content of 
the membrane. 
4.1.5 Ion Exchange Capacity 
The values of the ionic exchange capacity (1EC) for unmodified Nafion and 
corresponding hybrid membranes are reported in Table 5. Hybrid membranes exhibit 
IEC values lower than the unmodified Nafion while IEC values of hybrid membranes 
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produced with MPTMS/TEOS weight ratio of 65/35 are higher than those obtained with 
MPTMS/TEOS ratio equal to 35/65. 
Table 5. IEC's for Nafion and hybrid membranes 
Materials lEe (meqlg) 
Unmodified Nafion 0.92 
Mff 65/35 5min 0.8 
Mff 65/35 20min 0.85 
Mff 35/65 5min 0.78 
Mff35/65 20min 0.8 
The theoretical ionic exchange capacity of the siloxane hybrid membranes can be 
calculated as the weighted average of the values of each component, i.e. 
IEChybrid = (mass fraction Nafion) • IECNafion + (mass fraction siloxane) • IEC Siloxane Eq.46) 
The mass fraction value of the siloxane inside the hybrid membranes can be calculated 
by taking into account both the residues from TGA experiments and the MPTMS/TEOS 
weight ratios used in the sol-gel precursor solutions. From Eq. 46) it is possible to 
estimate that the IECSiloxane values vary between 0.1 and 0.5 meq/gr. The lower IEC 
values for the hybrid membranes, relative to the unmodified N afion membrane, result 
from the dilution of overall S03H content by the incorporation of poorly conductive 
polysiloxane inclusions in the Nafion membrane. 
However in hybrid membranes a significant parameter is the S03H concentration inside 
the channels (referred to as local content of S03H groups) which affects the water 
vapour sorption characteristics and the related ionic conductivity of the hybrids. On the 
basis of the model of Gebel et al.46 the local content of S03H groups depends on the 
actual water content and on the extent of swelling. Although hybrid membranes have a 
lower IEC value at high swelling extents (the IEC is measured with the membranes 
completely swelled), it is likely that at low water content, inside the channels, the local 
S03H content is higher than for unmodified Nafion. 
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4.1.6 Water vapour sorption 
Figure 78 shows the water sorption isothenns at 40, 60 and 70°C for both the 
unmodified Nafion membrane and the pre-swelled Nafion membrane. The last one 
represents the Nafion membrane swelled in EtOH and glycerol solution according to the 
procedure described in the experimental section for Membrane Infusion Procedure. This 
membrane has been adopted as a control material in order to assess the effect of the 
swelling treatment on the water vapour sorption behaviour of commercial N afion 130. 
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Figure 78. Water sorption isotherms of unmodified Nafion 117 and ofpre-
swelled Nafion at different temperatures. The solid lines represent 
Brunauer-Emmett-Teller (BET) fitting at 40°C. 
The lower water absorption of the pre-swelled Nafion, relative to the unmodified 
commercial Nafion, is a consequence of the possible changes in the morphological 
structure of the ionic clusters. 
131 
Figures 79 and 80 show the water sorption isothenns at 40, 60 and 70°C for the two 
Nation polysiloxane hybrids obtained with 20 minutes impregnation time. 
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of unmodified commercial Nafion. 
0 
0 
..-
-e-- T=70'C 
... 1 
-
.... 
-6- T=60'C Q) 
E 
--e- T=40'C >. 
'0 
--- Nafion a. 
~ 
"0 
en 
en 
co 
:::E 
-"0 4 Q) 
.0 
.... 
0 
en 
.... 
Q) 
-co 
3: 
en 
en 
co 0.0 0.2 0.4 0.6 0.8 1.0 :::E 
- Water activity 
Figure 80. Water sorption isotherms of the hybrid MfT 35/65. The solid 
lines represent Brunauer-Emmett-Teller (BET) fitting at 40, 60 and 70°C. 
The dashed line represents Brunauer-Emmett-Teller (BET) fitting at 40°C 
of unmodified commercial Nafion 
132 
The membranes display the typical sigmoidal sorption isotherms of ionomers. The 
sorption of water involves two populations of molecules, those tightly bound to specific 
groups (sulphonic and also silanol groups, in this case) and those absorbed according to 
physical equilibrium. The first can be considered a chemisorption process and can be 
described either with the use of models specifically developed for ionomers53 or using 
finite-layer BET55. The latter is related to the physical mixing of water with the ionomer 
and to the possible elastic response of the polymer-siloxane network13l . Therefore, at 
low activities, the downward concavity observed in the sorption isotherms can be 
related to the binding of the strongly interacting first shell of water molecules to 
sulphonic groups and hydrophilic silica, while the upward concavity which is observed 
at high activities is mainly due to binding of water molecules in the formation of 
additional solvated shells (i.e. 'free' water) and to water-polymer mixing132. 
The effect of the temperature on the sorption isotherms of ionomeric systems is 
generally complex. Adsorptions occurring on specific interaction sites and within the 
excess free volume regions, as well as water clustering, are all exothermic phenomena. 
Moreover, since the elastic response of an elastomeric network becomes more effective 
as the temperature increases (Flory-Rehner theory\32), a further reduction in the amount 
of sorbed water is also expected with increasing temperature. In contrast, polymer-water 
mixing is endothermic and, therefore, this would favour an increase in the amount of 
water absorption with increasing temperature. As a consequence of the trade-off 
between these mechanisms, the water sorption ofNafion and pre-swelled Nafion do not 
depend on temperature (see Figure 78). 
As far as the two hybrid membranes are concerned, it is clear that the water sorption of 
the two hybrids does depend on the temperature, and also that it is higher than that 
exhibited by the pre-swelled Nafion. The higher water sorption is related to the 
capability of the polysiloxane domains to adsorb water molecules, which overcomes the 
negative effects of the swelling treatment on Nafion morphology. 
Comparing the isotherms of unmodified Nafion membrane with the isotherms related to 
hybrid membranes, it is worth noting that at 40°C the difference in the water sorption is 
not very significant. This suggests that, at low temperatures, the polysiloxane domains 
do not affect significantly the water sorption, and consequently the water sorption of 
unmodified Nafion 117 becomes slightly higher than that exhibited by the two hybrids. 
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At 60°C the level of water sorption for unmodified Nafion 117 is similar to that of 
hybrid M/T 35/65, but is lower than for system MlT 65/35. At 70°C, on the other hand, 
the amount of water absorbed by both hybrids is higher than that of the unmodified 
Nafion 117. From these data it is clear that the presence of polysiloxane domains 
enhances the water sorption of the Nafion membrane at low water activity in the 
temperature range between 60 and 70°C. 
The MT 65/35 membrane exhibits a maximum of water sorption at around 60°C. Below 
60°C there might be a significant re-organization of the polysiloxane domains by the 
thermal energy, which promotes an increase of water absorption with temperature. 
Above 60°C the effect of temperature on the exothermic interaction of water with ionic 
groups becomes prominent, resulting in a decrease in water sorption with increasing 
temperature. This can, therefore, account for the occurrence of a maximum in the water 
sorption characteristics of these hybrid membranes. 
Conversely the water sorption of MlT 35/65 membrane increases with the temperature 
in the range between 40 and 70°C. The polysiloxane domains in MlT 35/65 membranes 
exhibit a more compact and cross linked network compared to the more branched 
siloxane domains in the MlT 65/35 membranes. In fact, the presence of higher TEOS 
amounts densifies the polysiloxane network due to its higher reactivity with other 
alkoxysilane molecules. The higher density in the MlT 35/65 polysiloxane domains 
affects thermal induced re-organization within the silica network, so that a maximum in 
the water sorption with temperature relationship can be expected to occur at a 
temperature higher than 70°C (the maximum temperature used in the investigation). 
Table 6 shows the BET fitting parameters (see Eq. 21) for the several membranes tested 
in the present work. 
Table 6. Parameters of the finite multi layers BET model for water vapour sorption in ionomeric 
membranes 
nm (wt %) c (adim.) n (adim.) 
Sample 40°C 60°C 70°C 40°C 60°C 70°C 40°C 60°C 70°C 
Nafion 2.8 2.9 2.9 7.6 6.9 8.5 6.4 6.1 6.4 
Swelled Nafion 1.8 1.8 2.0 6.0 9.5 5.2 9.0 11.0 10.0 
Hybrid Mff 35/65 2.7 3.2 9.6 27.6 6.2 5.9 
Hybrid Mff 65/35 2.3 3.6 2.9 12.2 16.9 14.0 8.3 7.6 7.1 
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It is difficult to assign a precise physical meaning to the energetic parameter c as there 
are different interaction possibilities in the hybrid membranes. A comparison between 
the water sorption isotherms and the BET fitting parameters nm and n suggests that nm is 
the prominent parameter governing the sorption behaviour of the membranes. The 
original Nafion membrane exhibits a higher value of nm in comparison to the pre-
swelled Nafion. 
The incorporation of hydrophilic siloxane domains in the pre-swelled Nafion increases 
the number of specific interaction sites, due to the presence of specific interaction sites 
given by Si-O-Si bonds, Si OH groups and the additional S03H groups. Obviously the 
contribution from these specific interaction sites is prominent only in the range of 
temperatures where the water vapour sorption of the hybrid membranes is higher. From 
these observations it is evident that MlT 65/35 membrane is a more suitable system for 
improving the water sorption capacity of commercial Nafion. 
Figure 81 shows the integral kinetic sorption curves of the hybrid MlT 65/35 at vapour 
water activity 0.5 and at the temperatures of 60 and 70°C. An integral kinetic sorption 
curve reports t4e transient values of the sorption vs time corresponding to a boundary 
condition given by a step-function for the penetrant activity (0 for t<O and the new fixed 
value for t>0). In principle an increase in temperature enhances the mobility of the 
penetrant decreasing the time necessary to reach the water sorption equilibrium 
corresponding to the new external penetrant activity. However it is evident that for the 
hybrid MlT 65/35 this equilibrium time is lower at 60°C compared to that at 70°C. This 
result can be correlated to the higher water sorption uptake that the hybrid MlT 65/35 
exhibits at 60°C and to the re-organization of the polysiloxane with temperature which 
takes place at 60°C and optimizes the inorganic structure maximizing the water sorption 
as well as accelerating the kinetic of the process. 
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Figure 81. Integral vapour water kinetic sorption curves of the hybrid 
M!f 65/35 at vapour water activity 0.5 at 60 and 70°C. 
4.1.7 Proton conductivity 
Proton conductivity derives from the mobility of the protons, which is promoted by 
thermal activation and is aided by the presence of water inside the membrane. 
Consequently the proton conductivity decreases under conditions which bring about a 
reduction in the equilibrium water content and is expected to decrease intrinsically when 
the temperature is lowered 133. 
In the range of temperatures investigated and for water vapour activity approaching 1, 
the amount of water sorbed is sufficient to create a large number of highly hydrated 
percolating pathways that are available for the flow of protons. Therefore, the observed 
variation of the proton conductivity with temperature is mainly related to the activation 
of the Brownian proton mobility and can, therefore, be described by the Arrhenius 
equation, i.e. 
Eq.46) 
where a is the proton conductivity, Ea is the activation energy for the self-diffusion of 
protons, T is the temperature in Kelvin, R is the universal gas constant and A is a pre-
exponential coefficient. 
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The plots in Figure 82 confirm the applicability of the Arrhenius rate equation for 
unmodified Nafion 117 and for both hybrid membranes obtained with 20 minutes of 
impregnation time. 
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Figure 82. Proton conductivities ofNafion 117, hybrid Mff 65/35 and 
hybrid Mff 35/65 at vapour water activity 1 as a function of 
temperature. 
The system MlT 65/35 has the highest activation energy, while system MlT 35/65 has 
behaviour similar to unmodified Nafion 117, even though the proton conductivity of, 
both hybrids membranes is lower. Similar results were found in the literature 
concerning the proton conductivities of several inorganic-Nafion hybrids \34. This 
behaviour could be due to the modification of the optimized ionic structure of the 
Nafion, and the higher tortuosity of the proton path in comparison to the unmodified 
Nafion. The negative effects of the polysiloxane domains with respect to proton 
conductivity are, however, significant only at high water activity, where the water 
sorption in unmodified Nafion' is already sufficient to promote high proton mobility. In 
this case, the high water uptake causes the creation of percolative proton pathways 
saturated by free water that allow conducting protons by the Grottus mechanism in 
addition to the vehicular one. 
Figures 83 and 84 show the proton conductivity data for the unmodified Nafion 117 and 
the two hybrids investigated, at different temperatures and in two ranges of water 
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vapour activities. At the top of Figures 83 and 84 are shown the water vapour activity 
values fixed by the salt solutions for the determination of the proton conductivity. 
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It is evident that as the range of water vapour activity is reduced to values below 1 the 
expected effects of the hydrophilic polysiloxane on the proton conductivity, resulting 
from the increased amount of water become increasingly more significant. 
In particular, for water activity between 0.4 and 0.5 the proton conductivity of hybrid 
MlT 65/35 becomes even higher than that of the unmodified Nafion 117 all over the 
temperature range investigated. Since the amount of polysiloxane network does not 
depend on the MlT ratio it is clear that the introduction of more intrinsically 
sulphonated polysiloxane has more effect on the proton conductivity. 
As reported by Bocarsly et al. 80, another key parameter with respect to the resulting 
proton conductivity might be represented by the effect of the polysiloxane domains on 
the swelling mechanism of the clusters. The proton conductivity of the Nafion 
membrane is strongly dependent on the diameter of its ionic channels, which is smaller 
at low water activity due to lower amount of water sorbed. The introduction of an 
inorganic network in the ionomeric channels of Nafion contributes to their swelling. 
This is not only due to a possible increase of the overall water sorption of the membrane 
but it could be also related to the constraint effect due to the rigid polysiloxane network 
which hinders the shrinkage of the ionomeric channels at lower water activity. This 
effect is likely more evident for the less compact network of hybrid MlT 65/35. 
Although at low water vapour activity the system MlT 65/35 exhibits a higher proton 
conductivity than system MlT 35/65, due to the higher S03H content, there is an 
inversion in proton conductivity at water vapour activity of 1 (liquid water). In order to 
better understand this inversion measurements were carried out water uptake 
measurements at water vapour activity equal to I (liquid water) since the extrapolation 
of water vapour sorption given by the BET model is reasonably accurate up to water 
vapour activity 0.95. The results show that the water uptake of the hybrid MlT 65/35 
which is equal to 33 wt% is higher than that of MlT 35/65 equal to 25 wt% (Note that 
the water uptake unmodified Nafion is 2Iwt%). Under these conditions the effect of 
dilution of the ionic clusters due to swelling caused by the water ingress becomes more 
important, as reported by Gebel46• This produces an increase in the average distance 
between the ionomeric clusters, which reduces accordingly the mobility of the protons. 
This effect is more significant for the hybrid MlT 65/35, because of the higher amounts 
of absorbed water (see accordingly the higher activation energy for proton conductivity 
of the hybrid M/T 65/35 in Figure 82). 
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4.1.8 Concluding Remarks 
The aim of this work was to study the feasibility of producing novel polysiloxane 
hybrid membranes with enhanced proton conductivity at low water activity, which is a 
typical operating condition of hydrogen fuel cells. The investigation has shown that the 
introduction of a polysiloxane network by the infusion of the precursor solution into a 
pre-swelled Nafion membrane enhances the water vapour sorption and the proton 
conductivity. Furthermore it has been verified that the mere swelling and thermal 
treatments used to infuse the sol gel precursor solution into the membrane cannot 
account for the sorption features observed for hybrid Nafion membranes. 
From an examination of water sorption and proton conductivity behaviour, it can be 
concluded that the performances of hybrid materials depend on factors such as local 
S03H content, and morphology of the siloxane network. At high water activity, when 
the water amount inside the Nafion membrane is already sufficient to promote high 
proton conductivity, the introduction of the polysiloxane has an adverse effect on the 
mobility of the protons. At lower water vapour activity, on the other hand, the combined 
effect of the increase in water vapour absorbed, arid the increase in local S03H content 
in the ionomeric percolative channels of the membrane, increases the mobility of the 
protons, which results in a higher conductivity, relative to the unmodified Nafion. A key 
parameter governing the performance of polysiloxane hybrid membranes is the 
MPTMS/TEOS ratio. The polysiloxane domains obtained by a higher MPTMS/TEOS 
ratio exhibit intrinsically higher activation energy for the transport of protons at high 
water vapour activity, and an enhanced proton conductivity in the range of temperature 
40-70°C at lower water activity (0.4-0.5). 
The results of this research have been published in the following paper: 
M.Lavorgna, L.Mascia, G.Mensitieri, M.Gilbert, G.Scherillo, B.Palomba, Hybridization 
of Nafion membranes by the infusion of functionalized siloxane precursors, Journal of 
Membrane Science, 294 (2007) 159-168 
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4.2 Recast Membrane (Preparation Scheme I) 
The following paragraph reports the results related to the chemical and morphological 
characterization of the hybrid membranes prepared according the Preparation Scheme I 
detailed in Chapter 3. 
4.2.1 FTIRandATRAnalysis 
Figure 85 shows the ATR spectra of recast Nafion and hybrid membranes obtained by 
using polysiloxane precursor solution with MPTMSITEOS weight ratio equal to 75/25. 
The pre-hydrolysis time is equal to 45 minutes. The spectra are related to hybrid 
membranes with different theoretical silica content and have been collected before the 
oxidation of SH groups to S03H groups. All spectra are normalized for the absorbance 
at 1200cm-1 which represents an internal thickness standard. 
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Figure 85. ATR spectra for unmodified Nafion 117 and hybrid 
membranes. 
The most prominent vibrational absorbance bands (see Table 3) associated to Nafion 
polymer are easily. detectable in all samples. The presence of polysiloxane domains 
modifies the absorbance features in the region between 900 and 1150cm-1 and increases 
significantly the absorbance intensity with respect to unmodified Nafion membrane. 
Comparing the spectra of Figure 85 with the spectra related to the samples prepared by 
infusion method (see Figure 62) it is possible to observe a further distinct absorbance 
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peak at 1020cm-I. Mauritz et al. 135 reported that such a peak can be assigned to more 
branched and linear silica structure than that characterised by SiOSi stretching vibration 
at 1040cm-I. Three different silica structures can be distinguished: cyclic, linear and 
branched. The principal difference between the silica structures is the SiOSi bond 
connectivity. Cyclic silica is highly connected and the number of SiOH groups is very 
low. Linear and branched silica present low SiOSi connectivity along with a high 
number ofunreacted SiOH groups which represent diffuse defects inside the structure. 
In order to have a better understanding of the polysiloxane transformations involved 
during the casting procedure, FTIR transmission spectra have been collected at different 
time during the pre-hydrolysis of the precursor solution. 
Figure 86 shows the subtraction spectra for the solution precursor with a 
MPTMS/TEOS weight ratio equal to 75/25 as a function of the pre-hydolysis time. The 
reference was the DMF spectrum. The spectra have been collected well before the gel 
transition. For this reason the shape of the silica spectrum is totally different compared 
to that reported in Figure 61. 
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Figure 86. FTIR subtraction spectra for the precursor solution with 
MPTMSffEOS ratio equal to 75/25 at different pre-hydrolysis time. 
In the region between 850 and 1200 cm-I, the spectra display four absorbance peaks 
centred respectively at around 920, 1040, 1080 and 1120 cm-I. An additional peak may 
be identified at around 1020cm-I in the spectrum of the precursor solution hydrolysed 
for 45 minutes. This peak becomes a shoulder at longer pre-hydrolysis time. It is 
evident that the ratio between the several silica structures changes and the cyclic silica 
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at 1080 cm-1 becomes predominant over the pre-hydrolysis time. These results confirm 
that the silica network formation proceeds through the aggregation of nanoparticles 
(Ostewald ripening process). At short pre-hydrolysis time the SiOSi stretching vibration 
at 1020 cm-1 is probably due to oligomers of low molecular weight; at longer times 
these oligomers aggregate and the cyclic and linear silica configurations are more and 
more evident. 
However the assignment of the peak at 1020 cm-1 to the SiOSi stretching vibration of 
more branched silica as proposed by Mauritz et al. 136 is debatable and it has not found 
many citations in the literature. 
Figure 87 shows the spectra related to the precursor solution (i.e. weight 
MPTMS/TEOS ratio equal to 75/25 after 45 minutes ofpre-hydrolysis) and DMF along 
with the related subtraction spectrum. The last spectrum was obtained by subtracting the 
DMF spectrum from the spectrum of the precursor solution. The spectra were 
normalized for the absorbance intensity of the peak at 1671cm-1, the carbonyl stretching 
ofDMF. 
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Figure 87. FTIR spectrum for DMF and precursor solution Mff 75/25 
after 45 minutes ofpre-hydrolysis along with difference spectrum. 
A number of features are observed in the subtraction spectrum such as first derivative 
type bands and absorbance peaks. First-derivative type bands, displaying a minimum 
and a maximum at close wavenumbers, are indicative of peak shifts, i.e. a frequency 
displacement of the peak in the sample spectrum (precursor solution) with respect to the 
peak position in the reference spectrum (DMF). In particular, when the negative lobe 
precedes the positive, displacement takes place towards lower frequencies. A prominent 
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first-derivative profile is observed at 1692 cm-I (minimum) and 1657 cm-I (maximum). 
It is associated with the carbonyl peak centred at 1671cm-1 in DMF solvent and 
demonstrates the involvement of this group as proton acceptor in H-bond formation 
with SiOSi or SiOH groups. Other first derivative type bands (i.e. at 1650 and 1850cm-
I) can be detected in the subtraction spectrum as a consequence of the shift towards 
lower frequencies of the most important DMF absorbance peaks. 
In this work an interesting spectroscopic observation has provided the base for a more 
suitable explanation of the nature of the absorbance peak at 1020cm- l . Figure 88 reports 
the ATR spectra for recast Nafion, recast Nafion embedded in DMF and hybrid 
membrane Hy15 MlT 35/65 6h. 
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Figure 88. ATR spectra of recast Nation, recast Nation embedded in 
DMF and hybrid membrane. The inset graph reports the ATR spectra 
in the vibrational region related to sulphonic groups. 
It is evident that with respect to the spectrum of recast Nafion the presence of DMF in 
Nafion induces a shift of the peak assigned to the S03- groups towards lower 
wavenumbers and the appearance of a new absorbance peak at 1020cm- l . Further 
experiments showed that the new peak disappeared when the Nation was activated in 
acidic solution and appeared when Nafion was treated with DMF. The same reversible 
behaviour was seen for the peak at 1056cm-1 which moved to lower wavenumbers in 
presence of DMF and returned back in acid solutions. On the basis of spectroscopic and 
experimental evidence, it is possible to assume that the DMF interacts with the S03H 
groups of Nation polymer through the following reaction (see Scheme 3): 
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N C N CH OH ....... _-+.. -N=CH-OH - ---... -- .... .. H C"'- "H H C"'- + H C"'- + 3 3 3 
Scheme 3 
The DMF molecules inside the recast Nation membrane interact strongly with the 
sulphonic acid groups weakening the electronic structure of the S03- groups whose 
absorbance peak shifts at lower wavenumbers. The peak at 1020cm-1 cam be assigned 
with higher reliability to the moieties arising from the interaction between DMF and 
sulphonic acid groups. 
Figure 89 and Figure 90 are display the ATR spectra for hybrid membranes denoted 
HylO MlT 35/65 45min and HylO MlT 75/25 45min. Along with the spectrum of recast 
Nation are shown the spectra of the membranes collected before and after the oxidation 
process. 
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Figure 89. ATR spectra for Hy10 M/T 35/65 45min collected before 
and after the oxidation process along with recast Nation spectrum. 
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Figure 90. ATR spectra for Hyl0 MlT 75/25 45min collected before 
and after the oxidation process along with recast Nation spectrum. 
The spectra collected before the oxidation process display the absorbance peak at 
1020cm-1 assigned to the DMF interacting with sulphonic acid groups. The spectra 
collected after the oxidation process are somewhat similar to the Nafion spectrum both 
in terms of shape and intensity. This result corroborates the earlier results obtained for 
the hybrid prepared by the infusion method, i.e. the oxidation process destroys the silica 
network obtained inside the membranes by recasting method. 
In Figure 91 ATR spectra of hybrid membranes prepared with a theoretical silica 
content equal to 20% wt/wt obtained by varying the MPTMSITEOS weight ratios in the 
precursor silica solution are compared. 
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Figure 91. ATR spectra for recast Nation and hybrid membranes 
prepared with 20% wtiwt theoretical silica and several MPTMSITEOS 
weight ratios. 
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The spectra of the oxidised hybrid membranes are comparable to the spectrum of the 
recast Nafion. This evidence confirms that the oxidation treatment has a negative effect 
on retention of silica inside the oxidised membranes regardless the initial amount of 
theoretical silica. Furthermore the higher the MPTMS/TEOS ratio, the lower is the 
polysiloxane retention. 
In order to improve the retention of silica after the oxidation process hybrid membranes 
by increasing the pre-hydrolysis time up to 6 hours have been prepared. 
Figure 92 displays ATR spectra related to the hybrid membrane HylO MlT 35/65 6h 
collected before and after the oxidation process along with the spectrum of the recasting 
Nafion membrane. 
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Figure 92. ATR spectra for HylO MIT 35/65 6h. 
The absorbance peak at l020cm-1 appears as a shoulder in the spectrum of the hybrid 
membrane before the oxidation treatment. Furthermore the spectrum of the hybrid 
collected after the oxidation process presents the same shape and almost the same 
intensities as the spectrum collected before the oxidation process. This evidence 
confirms that the silica network obtained by submitting the precursor solution to pre-
hydrolysis for 6 hours is more able to resist to the acidic and thermal treatment needed 
for the oxidation of the SH groups to S03H groups. 
In Figure 93 the subtraction spectra related to the sample HylO M/T 35/65 45 min and 
HylO M/T 35/65 6h collected after the oxidation process are compared. 
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Figure 93. AIR subtraction spectra related to Hyl0 M!f 35/65 6h and 
Hyl0 M!f 35/65 45min collected after the oxidation process. 
The amount of silica present in the membrane prepared by a pre-hydrolysis step of 6 
hours is higher than that one of the system pre-hydrolysed only for 45 minutes. The 
increment in the pre-hydrolysis time contributes to enhancing the amount of both cyclic 
and linear silica improving the retention of silica during the oxidation process. 
According to the spectroscopic results it is possible to draw the following conclusions: 
• the casting process generates two different silica inside the hybrid membranes 
i.e. cyclic and linear silica; 
• the relative amount of the different silica species depends on the pre-hydrolysis 
time, the MPTMS/TEOS weight ratio and the theoretical silica content; 
• the lower is the pre hydrolysis time the higher is the content of linear silica and 
the lower is the content oftotal silica as cyclic and linear silica; 
• the lower is the MPTMS/TEOS ratio the higher is the content of cyclic and 
linear silica. 
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4.2.2 Thermogravimetric analysis 
Thennal analysis has been used to detennine the degradation temperature of the 
membranes as well as the amount of residual silica inside the membrane after the 
oxidation procedure. 
Figure 94 displays the thennograms of recast Nafion membrane and hybrids Hy20 MlT 
75/25 6h in an air atmosphere. The thennograms related to hybrid materials have been 
collected before and after the oxidation process. 
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Figure 94. Thennograms of recast Nation and hybrid Hy20 M!f 
75/256h. 
As shown earlier, in the thennogram of recast Nafion three thennally activated 
degradation processes can be distinguished. The first one at around 330°C accounts for 
the loss of sulphonic acid groups, the second one at around 420°C accounts for the 
decomposition of pendant CF2 inside the clusters while the third one at around 500°C is 
related to the decomposition of the CF2 backbone ofNafion polymer. 
As far as the hybrid membranes are concerned, the thennograms collected before and 
after the oxidation process are different. The thennogram related to the membrane 
before the oxidation process displays a slight degradation process at 330°C, a very 
intense degradation process at around 400°C and a gradual loss of weight up to high 
temperatures (500-600°C). At temperatures higher than 600°C the residue value equal 
to 10% wtlwt can be assumed to be due to the inorganic silica as Si02 network inside 
the membrane. It is worth noting that this value is lower than the theoretical 
149 
polysiloxane content (20% wt/wt) because it does not account for the orgamc 
component due to the SH and propyl groups. 
The degradation process at 330°C can be assigned to the thermal degradation of a part 
of S03H groups. The lower weight loss for this degradation with respect to that 
observed for the recast Nafion membrane is due to the reduction ofthe weight ofNafion 
in the hybrid membrane (i.e. dilution ofNafion with the polysiloxane). The degradation 
process at 400°C is very sharp and it can be attributed to the removal of DMF 
interacting with the sulphonic groups, the degradation of SH-propyl pendants inside the 
polysiloxane and degradation of S03H stabilized by the silica network. 
The thermogram of the hybrid submitted to the oxidation process shows a shape similar 
to that of recast Nafion. The thermal degradation process of S03H groups is shifted to 
350°C whereas the degradation processes of pendant CF2 and backbone are sensibly 
shifted to higher temperatures. These effects can be attributed to the presence of a 
network inside the membrane. However the residue at 650°C is drastically reduced with 
respect to the residue of the hybrid before the oxidation process. In fact its value 
decreases up to around 1-2% wtlwt starting from the initial theoretical value of 
10%wtlwt. Assuming the theoretical organic content in the polysiloxane and the molar 
MPTMS/TEOS ratio used to prepare the precursor solution, the actual content of 
polysiloxane inside the hybrid membrane after the oxidation process should be not more 
than 3% wtlwt. It is worth noting that despite the low silica content the temperature of 
thermal degradation of the CF2 backbone increases by about 50°C with respect to the 
recast N afion membrane. 
Figure 95 displays the thermograms related to recast Nafion membrane and hybrid 
membranes prepared by using precursor silica solutions with different MPTMS/TEOS 
ratios. All thermograms are related to samples after the oxidation. 
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Figure 95. Therrnograms related to recast Nation membrane and 
hybrid materials after oxidation process. 
The temperature of S03H decomposition shifts towards higher temperatures. The 
effective weight loss connected with this decomposition depends on the MPTMS/TEOS 
weight ratio. It can also be seen that the lower is the ratio, the higher is the weight loss 
associated to the thermal degradation of sulphonic acid groups. In other words, the TGA 
results show that the amount of S03H groups obtained by oxidation of SH groups 
increases as the weight MPTMS/TEOS ratio decreases. According to the spectroscopic 
evidence when the above mentioned ratio increases the polysiloxane is more linear and 
it is more easily dissolved by the oxidation treatment. Conversely the hybrid membrane 
obtained by starting from the precursor solution having the lowest amount of MPTMS 
silane shows the highest content of S03H groups. 
It is worth noting that the temperatures related to the degradation of pendant CF2 and 
polymer backbone also depend on the MPTMS/TEOS ratio. The temperature decreases 
as the ratio decreases. This evidence can be justified considering that the presence of a 
large amount of S03H groups can affect the thermal activated degradation mechanisms 
and promote the CF2 polymer degradation also at lower temperatures137• The residue at 
650°C and so the actual polysiloxane content increases as the weight MPTMS/TEOS 
ratio decreases. This result corroborates the notion that the silica produced with lowest 
above mentioned ratio is more resistant to the oxidation process because it consists of a 
network with higher connectivity. 
Figure 96 displays the thermograms of recast Nafion and hybrid materials obtained 
starting with a precursor solution with MPTMS/TEOS weight ratio equal to 35/65. The 
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pre hydrolysis time IS 6 hours. All thermograms are collected after the oxidation 
process. 
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Figure 96. Thermograms related to recast Nafion membrane and 
hybrid materials after the oxidation process. 
It is worth noting that the temperature related to CF2 thermal activated decomposition 
depends strictly on the amount of S03H. An increase of the content of sulphonic acid 
groups produces a marked shift of the CF2 degradation towards lower temperatures. The 
residue values refer to an actual polysiloxane content equal to around 3-4% wtlwt. 
4.2.3 X-Ray Diffraction Analysis (XRD) 
Typical wide-angle X-ray diffraction profiles for recast Nafion and hybrid materials are 
shown in Figure 97. 
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Figure 97. X-ray diffraction patterns (XRD) for recast Nafion and 
hybrid membranes. 
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In agreement with the reports of Moore and Martin138, the recast Nation samples display 
a broad diffraction feature at 28 = 12-22° which can be deconvoluted into two peaks, 
assigned to amorphous (28 = 16°) and crystalline (28 = 17.50°) scattering from the 
polyfluorocarbon chains of Nation 139. The de convolution has been realized by assuming 
that the X-ray diffraction profile (amorphous or crystalline) has the shape of a Gaussian 
function. Furthermore before the deconvolution the straight baseline has been drawn 
between 28 = 10° and 28 = 22° and the pattern has been set to y=0. Figure 98 shows the 
effect of the peak deconvolution process for the membrane Hyl0 MlT 35/65 6h. The 
Gaussian diffraction peaks at 17.5° and 16.5° 28 have been assigned to crystalline( ----) 
and amorphous ( ..... ) domains respectively. 
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Figure 98. Diffraction bands deconvoluted for hybrid material. 
The ratio of the integrated area of the peak at 17.5° 28 to the total area integrated in the 
range 10-22° 28 represents an assessment of the crystalline degree. Gierke et al. 140 
reported that the crystallinity of Nation is between 0 and 40% while Dimitrova et a1. 141 
reported that the crystallinity of recast Nation is around 17.8%. 
Figure 99 shows the degree of crystallinity of several membranes versus the theoretical 
silica content and the pre-hydrolysis time. 
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prehydrolysis time. 
The XRD analysis reveals that the addition of low amount of polysiloxane (about 5%) 
favours the crystalline growth with respect to recast Nation. It is interesting to note that 
similar results have been obtained by Antonucci et a1. 142 where a shift of the crystalline 
peak to higher Bragg angles is also observed in addition to the higher crystallinity of the 
composites. The observed structural changes are likely to be due to the presence of 
nano-particles which act as nucleating agents and new crystalline domains are formed in 
the amorphous regions. 
The addition of high silica contents (above 10%) inhibits the crystallization and 
consequently the crystallinity degrees are lower than that of the recast Nation 
membrane. This behaviour can be tentatively attributed to the steric effect of the 
polysiloxane which hinders the mobility of the polymer molecules inside the solution 
during the casting process. It seems also that the decrease of the MPTMS/TEOS weight 
ratio or the increase of the prehydrolysis time promote a better organization of the 
macromolecules in crystalline domains when the theoretical silica content is about 10% 
wtlwt. At the moment these results are difficult to explain. Possibly they can be 
associated to peculiar morphological aspects of the silica nano-particles inside the 
precursor solution. 
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4.2.4 Differential Scanning Calorimetry (DSC) analysis 
DSC thermograms for hybrid membranes and recast Nation were collected by 
submitting the samples to a complex thermal process which can be described as a) a 
heating from 30 to 120°C, b) isotherm at 120°C for 15 minutes, c) cooling to 30°C at 
the rate of lOoC/min and subsequently d) heating run to 280°C at the rate of lOoC/min. 
Figure 100 shows the DSC thermograms of recast Nafion and hybrid membranes Hy20 
M/T 75/25 45min and Hy5 MlT 75/25 45min. In particular only the data collected in the 
second heating run from 30°C to 300°C after the isothermal step at 120°C are shown. 
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Figure 100. DSC thermograms of recast Nation and hybrid 
membranes. 
Comparing the thermograms with those reported in Figure 71 it can be seen that the 
recast Nation shows an endothermic peak broader than that displayed by the 
commercial Nafion membrane in the temperature range 30-250°C. This peak is 
probably due to the overlapping of several endothermic peaks. Since it is difficult to 
consider that the polar cluster transition is still observable in the second heating run, it is 
evident that there are additional endothermic processes which take place in the 
temperature range investigated. In a recent work Moore et al. 143 have revised the 
thermal transitions and dynamic mechanical relaxations of Nation membranes as 
studied by DSC and DMA. In particular endothermic peaks displayed in DSC analysis 
in the temperature range lOO-250°C are shown to be dependent on thermal history and 
have been attributed to melting of crystallites of different size. According this result we 
can infer that specifically for recast membranes, during the second heating run, there is 
repeated melting of small and imperfect crystallites and re-crystallization in more 
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perfect crystallites. This process is consistent with the crystallization bahaviour of a 
wide range of semicrystalline polymers and it represents an elegant solution to explain 
the DSC thermograms for recast membranes. This effect is probably less pronounced in 
the DSC thermogram of commercial Nafion membrane because this material has been 
submitted to thermal treatment which have enhanced and improved the crystalline 
structure. 
The thermograms of hybrid materials containing 5% and 20% wt/wt of theoretical silica 
display a bahaviour similar to that of recast Nafion. However both hybrid materials 
show a marked decrease of the endothermic peak with respect to the recast Nafion upon 
the second heating run. As previously mentioned, the inorganic structure probably 
represents an obstacle which affects the macromolecule mobility in the melting phase. 
The apparent contrast with XRD results which suggest a nucleating effect by 
polysiloxane nanoparticles could be explained taking into account that XRD samples 
have been prepared through casting (rom solution at 80°C and subsequent annealing at 
160°C. During the casting process at 80°C the crystallization could be improved by 
nanoparticles acting as nucleating agents. Otherwise in the melt phase where the 
molecule mobility is very low the presence of inorganic structures could affect 
negatively the crystallization process. 
4.2.5 Dynamic Mechatiical Analysis (DMA) 
The Dynamic Mechanical Analysis has been performed to identify relaxations ofNafion 
membranes and assess how they are modified through the hybridization of the materials. 
Figure 101 shows the tan 0 versus temperature plots for recast Nafion membrane and 
hybrid membranes Hy10 MlT 35/65 6h. In particular the data related to the hybrid 
membranes have been collected both for wet and dry samples. In the case at hand the 
wet sample is just equilibrated at room temperature and environmental humidity while 
the dry sample is obtained by leaving the material at 80°C for 24h in an oven and then 
stored in a box in presence of silica gel. 
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Figure 101. Dynamic mechanical bahaviour of recast Nafion and 
hybrid membranes. 
The recast Nafion membrane shows only one peak at 140°C in the investigated 
temperature range. This peak shifts to around 120°C in hybrid membranes. 
Mauritz et al. 144 and Moore et al. 138 assigned the relaxation peak in this temperature 
range to the molecular motion of both the side and main chains. This relaxation was 
labelled as a relaxation. At temperatures in the vicinity of the a relaxation a significant 
destabilization of the electrostatic interactions between sulphonic groups occurs which 
enhances the molecule mobility. According this notion we can infer that the decrease of 
the a relaxation temperature in the hybrid materials could be due to the weakening of 
the electrostatic interactions within the clusters when single -S03H groups interact with 
the silica surface. A schematic depiction of the interactions that take place during the sol 
gel process between the sulphonic acid groups and the silica surface has been shown in 
Figure 73. It is also noteworthy that the hybrid membranes display a notable reduction 
of the intensity connected with the a relaxation. This decrease is attributed to the effect 
of the silica which opposes the molecular motion within the main chains and side 
groups. This result confirms that the hybrid produced is an interpenetrating network 
where the inorganic and organic phases are intimately co-continuous. 
Figure 102 displays the storage modulus versus temperature for recast Nafion 
membrane and hybrid membranes HylO MlT 35/65 6h. 
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Figure 102. Dynamic mechanical bahaviour of recast Nation and 
hybrid membranes. 
At temperatures higher than 150°C it is possible to observe that the hybrid materials 
display a storage modulus slightly higher than recast Nation. This stiffness is due to the 
presence of the inorganic structure which constitutes a rigid scaffold inside the 
membrane. This effect at lower temperatures (i.e. room temperature) is not prominent. 
However the presence of water as molecules bounded to sulphonic acid groups lowers 
the elastic modulus by a plasticization effect. In the transition region between elastic to 
rubbery behaviour, the hybrid membrane displays a modulus lower than that of recast 
Nation due to the weakening of the electrostatic network present inside the clusters 
structure. 
4.2.6 SEM EDS analysis 
Figures 103, 104, 105 and 106 show the micrographs of the cross-section of recast 
Nation membrane and hybrid materials obtained by varying MPTMS/TEOS weight 
ratio, pre-hydrolysis time and theoretical silica content. As can be seen from the images 
the morphology of the hybrid membranes can be varied over a wide range by selecting 
different processing conditions. In particular, the hybrid materials obtained with low 
pre-hydrolysis time and/or high MPTMS/TEOS weight ratio show porosity throughout 
the thickness. This effect is likely due to the removal of the polysiloxane because of the 
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oxidation process. In contrast hybrid membranes obtained by usmg lower 
MPTMS/TEOS weight ratio (such as 35/65 wt/wt) or longer pre hydrolysis time have a 
more compact structure. 
Figure 103. SEM image of recast Nation membrane cross-section. 
Figure 104. SEM image ofHylO MIT 75/25 45min cross-section. This 
samples shows a porous structure throughout the thickness. 
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Figure 105. SEM image ofNafion 20 M!f 75/25 6h cross-section with 
EDS spectra collected over a square region (lOxlO J.Ull). 
Figure 106. SEM image ofHy10 MlT 35/65 6h cross-section. 
From the SEM images it is difficult to see any structures or particles which can be 
related to the presence of polysiloxane domains inside the membranes. However it is 
evident that the sample in Figure 106 presents a rough and wrinkled cross section 
surface. This represents an indirect evidence of the presence of inorganic network which 
opposes the propagation of the fracture and generates more fracture planes. Conversely 
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the recast Nation has a very smooth fracture surface implying that the fracture crack 
moves easily throughout the thickness. 
Figure 107 shows the SEM image of the cross-section of the HylO MlT 35/65 3h 
obtained through pre-hydrolysis in presence of H202. This experimental approach was 
tried in order to perform the oxidation directly during the sol gel process. 
Figure 107. SEM image ofHylO MlT 35/65 3h. 
The image shows the presence of silica particles with diameter lower than 3~m. The 
production of these particles inside the membrane might be attributed to the pH of the 
silica precursor solution. In fact the H202 shifts the pH of the solution to a value of 6-7 
and, in this condition, the condensation reaction of hydrolysed alkoxysilane proceeds 
with a mechanism which favours the rapid aggregation of smaller particles. The 
particles have poor interaction with the Nation polymer. 
4.2.7 Small Angle X-Ray Scattering (SAXS) 
Small Angle XRay Scattering analysis is widely employed to study the clustering of the 
ionic groups. In this work SAXS spectra have been collected with the main goal to 
study the effect of the inorganic network on the clustering of the sulphonic acid groups. 
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Figure 108 shows the SAXS spectra for recast Nafion membrane and hybrid membranes 
equilibrated at room temperature and environmental humidity. All spectra have been 
obtained by subtracting the intensity due to the background. 
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Figure 108. Small Angle X-ray Scattering patterns for recast Nation 
membrane, Hy20 Mff 35/65 6h and HylO Mff 0/100 6h. 
The SAXS pattern of recast Nafion exhibits two diffraction features at scattering vectors 
equal to 0.075 and 0.155 Ao-1 corresponding to Bragg distances d as 27t1q of 
approximately of 8 and 4 nm. 
The first feature (i.e. 8 nm m this study) may be attributed to the scattering of 
alternating crystalline and amorphous lamellar regions. The second feature (i.e. 4 nm) is 
due to the clustering of ion om er groups (ionic clusters) and corresponds to the "ionomer 
peak,,145. 
The origin of the "ionomer peak" has been extensively studied but it is still a subject of 
controversy. Several models have been proposed and they can be divided into 
intraparticle models l46 and interparticle models l47. The intraparticle models attribute the 
ionomer peak to the interference within the ionic cluster implying that the scattering 
maximum is related to the internal structure of the cluster. On the other hand the 
interparticle models attribute the ionomer peak to the interference between different 
ionic clusters, implying that the Bragg spacing refers to the center to center distance 
between two clusters. The position of the ionomer peak depends on the water content 
and the Bragg distance d=27t1q defines the clustering separation distance. The higher is 
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the water content the bigger is the distance of separation between hydrophilic and 
hydrophobic domains. Recently Kreuer148 has proposed a simple model to describe the 
microstructure of Nafion membrane based on the presence of non spherical hydrophilic 
domains dispersed in a hydrophobic matrix. The ionic domains are approximately 
cylindrical in shape and can be either connected or end-terminated. The relative amount 
of connected and end-terminated ionic domains affects the ionic conductivity of the 
membranes. The size of the ionic domains is determined by the area of the interface 
calculated from the Porod behaviour of the scattering curves, while the distance 
between the hydrophilic and hydrophobic domains is estimated from the position of the 
"ionomer peak", using the Bragg spacing relationship d=27t1q. 
The SAXS patterns related to hybrid membranes exhibit the same two scattering peaks 
shown by recast Nafion. However it is evident that the ionomer peaks of hybrid 
membranes shift towards higher scattering vector values meaning that the spacing 
between clusters aggregation is reduced with respect to recast Nafion. The calculated d 
Bragg spacing for HylO MlT 35/65 6h is equal to 3.7 nm while the spacing for HylO 
MlT 0/100 6h is equal to 3.4 nm. Furthermore SAXS patterns show that intensity of the 
X-ray scattering associated to the ionomer peak is lower in the hybrid membranes. The 
HylO MIT 0/100 6h shows the lowest scattering intensity associated with the "ionomer 
peak". According to the SAXS theory such a decrease in the intensity may be caused by 
the decrease in the quantity, size or electron density contrast of local heterogeneities 
connected with the cluster aggregation. This implies essential alterations of membrane 
nanostructure during the hybrid formation . 
. 4.2.8 Ion Exchange Capacity 
Table 7 shows the ionic exchange capacity values for recast Nafion and hybrid 
membranes. The hybrid membranes exhibit IEC values lower than that of recast N afion. 
Table 7. IEC for Nafion and hybrid membranes 
Materials 
Recast Nafion 
HylO MIT 65/35 6h 
Hy20 MIT 65/35 6h 
Hy5 MIT 75/25 45min 
lEe (meq/gr) 
0.92 
0.87 
0.85 
0.92 
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Hyl0 MlT75/25 45min 0.83 
Hyl0 MIT 75/25 6h 0.88 
The polysiloxane is likely to be characterised by a number of exchangeable protons 
lower than that of recast Nation (0.92 meq/gr). However the IEC values are lower than 
the values predictable on the basis of the dilution effect of Nation due to the presence of 
the polysiloxane domains. The same effect is reported by Sanchez et al. 93. He suggests 
that the density of sulphonic groups measured via titration provides only the number of 
accessible acidic groups which is very different from the whole content. For this reason 
the determination of IEC for hybrid materials via titration is a questionable and 
unreliable method. Further investigations are needed to assess the effect of the S03H 
groups arising-from the oxidation of the SH groups present on MPTMS silanes. 
4.2.9 Liquid water uptake 
Liquid water uptake represents an important parameter comtrolling the efficiency of 
Direct Methanol Fuel Cells. In fact proton conductivity and methanol permeation across 
the membrane depend to a large extent on the amount of absorbed water. 
Liquid water uptake properties of the hybrid membranes and recast Nation membrane 
have been evaluated at room temperature. Figure 109 reports the weight percent water 
uptake versus the theoretical polysiloxane loadings for several membranes. 
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Figure 109. Liquid water uptake for recast Nation and hybrid 
membranes. 
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An increase in the theoretical silica content induces an increase in water uptake. In 
principle the increase in water uptake could be attributed to the water retention of the 
incorporated polysiloxane due to the hydrogen bonding of H20 molecules with SiOH 
groups. 
However for hybrid membranes obtained through the recasting procedure we have to 
consider the morphological modifications induced by the process. 
The elastic behaviour of the Nafion in presence of polysiloxane might change and the 
material might show a reduced resistance to swelling. In fact it has been observed that 
membranes with a theoretical content higher than 15% wt/wt show an evident swelling 
measured as linear variation of the thickness when completely saturated in water. 
Conversely membranes with polysiloxane content lower than 15% wt/wt shows a 
reduced swelling (comparable to that of recast Nafion). It is noteworthy that the hybrid 
membranes with polysiloxane loadings around 10% in weight show water uptake (about 
30% wtlwt) higher than that of recast Nafion (about 20% wtlwt). Since these 
membranes have a low swelling, the increased water content may be due mainly to the 
effect of polysiloxane and to the specific interactions which takes place between water 
molecules and hydroxyl groups on the silica surface. 
4.2.10 Water vapour sorption 
Water vapour sorption is an important parameter which rules the efficiency of the 
membrane inside hydrogen Fuel Cells. 
Figure 110 shows the water vapour sorption isotherms for recast Nafion and Hy10 MlT 
35/65 6h membranes collected at 40, 60 and 70°C. The fitting was executed by using 
the finite multilayer model of BET described in the experimental section. The water 
sorption behaviour of recast Nafion does not depend on the temperature whereas in the 
case of the hybrid membranes a slight dependence can be observed. 
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Figure 110. Water vapour isotherms for recast Nafion (dot line) and 
Hyl0 MIT 35/65 6h (straight line) at 40,60 and 70°C 
However over the whole range of temperatures and water activities investigated the 
hybrid membranes show water vapour sorption lower than unmodified recast Nafion. 
This reduced water vapour sorption can be attributed to structural modifications which 
occur in Nafion morphology when the precursor solution of po lysiloxa ne is recast along 
with Nafion solution. As demonstrated by SAXS analysis the modifications can be 
ascribed to a reduction of the separation distance between hydrophilic and hydrophobic 
domains which probably prevents the formation of well hydrated clusters throughout the 
membrane thickness. 
4.2.11 Proton Conductivity 
The proton conductivities of a recast Nation membrane and HylO MlT 35/65 6h as a 
function of water activity over a range of temperatures from 40 to 80°C are shown in 
Figure 111. 
The proton conductivity of membranes depends on temperature and water activity. In 
particular the conductivity increases both with the water activity at fixed temperature 
(by approximately a factor 5-6 all over the water vapour activity range investigated) and 
with the temperature at fixed water activity (by approximately a factor 3-4 all over the 
temperatures investigated). It seems that the effect of the temperature on conductivity is 
much smaller than the effect of water activity. 
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The membrane HylO MlT 35/65 6h displays lower proton conductivity than recast 
Nafion over the entire range of water activities and temperatures. At a fixed water 
activity the difference between the conductivities of recast Nafion and hybrid 
membranes becomes smaller as the temperature increases. At 80°C the hybrid 
membrane exhibits proton conductivity quite similar to that of recast Nafion over the 
entire water activity range. 
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Figure 111. Proton conductivity of recast Nafion and hybrid 
membranes 
In hybrid membranes the excess of water should be involved in hydrating the 
incorporated silica 149. However it has been shown that the hybrid membranes obtained 
through the "Recasting Preparation Scheme I" absorb much less water than unmodified 
recast Nafion. The low water content affects negatively the proton conduction which 
strictly depends on the excess of water molecules. Furthermore as shown by SAXS 
analysis, the cluster morphology of hybrid membranes displays some changes which 
could affect the proton transport through the membrane. 
Table 8 shows the proton conductivities of water saturated hybrid membranes collected 
at room temperature. These measurements were performed about 1 month after the 
oxidation and activation of the membranes. 
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Table 8. Proton conductivity for Recast Nation and hybrid membranes 
Membrane 
Recast Nation 
Hy20 MlT 50/50 45min 
Hy20 MlT 75/25 6h 
Hy10 MIT 35/65 6h 
Proton conductivity, (mS/cm) 
39 
54 
70 
60 
The data show that the conductivity of the hybrid membranes after 1 month ageing is 
higher than that of recast Nation. This result is very important because shows that the 
presence of an inorganic scaffold inside the membrane is able to counteract the ageing 
of Nation membranes when stored at air. Concerning the ageing mechanism of Nafion 
there is a lack of information in the literature but it is well known that the oxygen and 
the macromolecule mobility produce a significant modification of the cluster 
morphology which affects negatively the ionic conductivity in water. It is possible that 
the inorganic network opposes the macromolecule rearrangement at room temperature 
and it contributes to the improvement of the ionic conductivity during ageing. 
This result deserves to be further investigated because the MEA (Membrane Electrode 
Assembly) are commercialized as air stored components where the ageing effect of 
Nafion membrane is largely favored. In this concern the hybrid membranes could 
represent a new material to minimize the ageing effect of the MEA components. 
4.2.12 Methanol permeability 
Figure 112 shows the methanol concentration in compartment B as a function of time 
for both recast Nation and hybrid Nation membranes. The methanol concentration 
increases linearly with the permeation time. The slopes of the several curves are used to 
determine the permeability by applying the following formula: 
Eq.47) 
where VB=56ml, A=8,65cm2, CA= 2molll, L is the membrane thickness and m is the 
slope. 
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Figure 112. Methanol concentration versus permeation time for recast 
Nation and hybrid membranes 
Table 9 displays the slopes calculated by the curves in Figure 112 through linear fit, the 
membranes thicknesses and the permeability values calculated according to the earlier 
formula (Eq. 47). 
Table 9. Methanol Permeability for recast Nation and hybrid membranes 
Membranes Slope (moIll*sec) Thickness (J.1m) Permeability (cm2/sec) 
Recast Nation 1.77 10-5 140 11 10-7 
Hyl0 MlT 35/65 6h 1.3710-5 120 7 10-7 
Hy20 MlT 35/65 6h 5.5410-5 120 30 10-7 
Hybrid membrane HylO MlT 35/65 6h has a methanol permeability lower than that of 
recast Nafion whereas the hybrid membrane Hy20 MlT 35/65 6h shows a significantly 
higher permeability. 
In Nafion membranes the methanol transport mainly occurs through the ion cluster 
pores and the connecting ion channels, although it is also possible that the methanol 
may permeate through the hydrophobic polymer backbone 150. At low polysiloxane 
content the hydrophilic particles grow preferentially around the hydrophilic ion cluster 
affecting the Nafion morphology and increasiJ;lg the tortuosity of the methanol transport 
patterns. Since the membranes have been fabricated by solution casting, silica may also 
exist in the structure of the polymer backbone especially for higher polysiloxane 
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contents. This idea is supported by the XRD results. At higher polysiloxane loadings 
there is a reduction of the crystalline degree which can occur only if the inorganic 
network is generated between the polymer chains. The membrane structure changes 
profoundly and the presence of polysiloxane in the polYmer matrix increases the 
contribution of the hydrophobic polymer backbone to methanol transport. That can 
justify the increase in methanol permeability for the membrane Hy20 M/T 35/65 6h. 
According these results it appears that the highest polysiloxane content to be used to 
enhance the Nafion membrane for fuel cell applications is about 10-15% wtlwt with 
respect to Nafion polymer. Contents higher that 15% wtlwt modify the structure of the 
Nafion and reduce the peculiar characteristics of proton and methanol transport which 
come from the nanophase separation between hydrophilic and hydrophobic domains. 
4.2.13 Concluding Remarks 
As reported in the Experimental Section the preparation of the membrane according 
"Preparation Scheme 1" has been carried out in order to get preliminary information 
needed for the further optimization of the hybrid membranes through recasting. In 
particular it has been seen that the best results in terms of increment of silica retention 
after the oxidation process can be obtained by using low MPTMS/TEOS weight ratio 
(i.e. weight MPTMS/TEOS ratio not higher than 1) and high pre hydrolysis time (i.e. at 
least 6 hours) ofthe polysiloxane precursor solution. 
The results have also shown that the presence of polysiloxane domains modifies the 
Nafion morphology and that improves the membrane performances for DMFC 
applications. In fact when the theoretical polysiloxane content is lower than 10% wt/wt, 
the methanol permeability reduces whereas the proton conductivity of the membranes 
completely saturated in water increases. Conversely the modification of Nafion 
morphology trough the inclusion of polysiloxane domains has detrimental effect on the 
membrane performances for Hydrogen Fuel Cells. In fact the water vapour uptake and 
the proton conductivity of hybrid membranes are lower than unmodified recast Nafion 
over the entire temperature and water vapour activity range. 
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4.3 Recast Membrane (Preparation Scheme I1) 
The following paragraphs report the results related to the chemical and morphological 
characterization of the hybrid membranes prepared according to the "Preparation 
Scheme U" procedure detailed in Chapter 3. 
4.3.1 FTIR and ATR Analysis 
Figure 113 shows ATR spectra of recast Nafion and hybrid membranes containing 10% 
wt/wt theoretical polysiloxane domains obtained with MPTMS/TEOS weight ratio 
equal to 35/65. The infrared spectra of hybrid membranes obtained through "Fast 
evaporation" of the solvent for the two systems collected before (Le. spectrum denoted 
as HylOF) and after the oxidation (spectra denoted as HylOF OxF and HylOF OxS) are 
shown. All spectra are normalized for the absorbance at 1200cm-1 which represents an 
internal thickness standard. 
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Figure 113. ATR spectra for recast Nafion and hybrid membranes. 
Hyl0F refers to the sample obtained by "Fast solvent evaporation", 
HylOF OxF and HylOF OxS refer to the samples oxidized by "Fast" and 
"Slow oxidation procedure" respectively. 
In all samples are evident the most prominent vibrational absorbance bands (see Table 
3) for the Nafion polymer. The presence of polysiloxane domains modifies the 
absorbance features in the region between 900 and 1150 cm- l and increases significantly 
the absorbance intensity relative to the unmodified Nafion membrane. 
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The spectrum collected before the oxidation process displays an absorbance peak at 
1020 cm-I, which has been previously assigned to the DMF interacting with sulfonic 
acid groups. 
The spectra collected after the oxidation process are somewhat different from the 
Nation spectrum, both in terms of shape and absorbance intensity. This indicates that 
the hybrid membranes obtained by the "Preparation Scheme II" procedure display an 
enhanced retention of polysiloxane domains after the oxidation procedure. 
Figure 114 shows the spectra related to the sample HylOF, HylOF OxF and Hyl0F OxS 
obtained by subtracting the background due to Nation polymer. 
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Figure 114. Subtraction spectra of HyIOF, HylOF OxF and HylOF OxS. 
The spectra display the characteristic absorbance bands associated with the presence of 
both linear and cyclic siloxanes (i.e. respectively at 1060 and 1040 cm-I) and the 
presence of SiOH groups (i.e. around 940 cm-I). Additional a~sorbance peaks at 1140 
and 1170 cm-I can not be easily assigned to any familiar groups. 
Both the oxidation processes reduce the amount of polysiloxane domains and enhance 
the absorbance due to SiOH groups on the surface of the inorganic domains. 
Furthermore the oxidation procedure denoted as "Slow" removes polysiloxane domains 
to a greater extent than the oxidation procedure denoted as "Fast". 
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Figure 115 reports ATR spectra collected for recast Nation, HylOF, Hy10S, HlOF OxF 
and Hy10S OxF to reveal the changes induced by the "Fast oxidation" on the chemical 
structure of the hybrid membranes obtained by "Slow" and "Fast solvent evaporation". 
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Figure 115. ATR spectra for recast Nation, Hyl0F, HylOS, Hyl0F 
OxF and HylOS OxF. 
The hybrid obtained by "Fast" solvent evaporation contains a larger amount of 
polysiloxane domains after the "Fast" oxidation treatment. This is probably due to an 
initially larger excess of cyclic and linear siloxanes compared to the hybrid obtained by 
"Slow" solvent evaporation (see Figure 116). 
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Figure 116. ATR difference spectra related to Hyl0F, HylOF OxF and 
Hyl0F OxS. 
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During the "Slow" solvent evaporation procedure some of the chemical species in the 
polysiloxane precursor solution can be assumed to have been lost as un-reacted or 
intermediate products (confirmed by thermo-gravimetric analysis). 
In order to have a better understanding of the chemical transformations (i .e. oxidation of 
SH groups to S03H groups and dissolution of polysiloxane domains) occurring during 
the oxidation process, Figure 117 shows ATR absorbance and difference spectra 
collected at different time, during the "Fast" oxidation of the membrane denoted as 
Hy1SF. 
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Figure 117. ATR absorbance and difference spectra related to Hy 1 OF 
and collected at different time during the "Fast" oxidation process. 
The spectra indicate that the absorbance bands assigned to the stretching of -SiOSi-
bonds in linear and cyclic structures of the polysiloxane domains decrease during the 
oxidation in H20 2 solution. The presence of DMF detectable by the shoulder at 1020 
cm-1 remains persistent during the treatment in H20 2 solution and disappears only after 
the treatment in H2S04 acidic solution. This is a confirmation of the interaction between 
DMF and sulfonic acid groups (see Scheme 3). 
Figure 118 shows the difference spectra for HylSF collected after 30 min in H20 2 water 
solution and after an additional 20 min in acidic solution. 
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Figure 118. ATR difference spectra related to Hy 1 OF after 30min 
oxidation in H20 2 solution and after 20 min in H2S04 0.5M solution. 
The treatment in the 0.5M H2S04 solution produces a broadening of the absorbance 
peak towards higher wavenumbers (i.e. 1050 cm-I) as well as a further reduction of the 
intensity of the absorbance band assigned to the linear silica at 1040 cm-I. This 
broadening is probably due to the presence of an additional overlapping absorbance 
peak. It is worth noting that the stretching of -S03H groups in the polysiloxane domains 
whose presence results from the oxidation of SH groups, should appear in this region 
(i.e. around 1050 cm-I) . 
Further experimental evidence that confirms the conversion of SH groups to S03H 
groups due to the "Fast" oxidation procedure is obtained from the I3C NMR spectra 
reported in Figure 119. 
The spectrum of the Hy15F sample reveals three peaks at -9, -20 and -33 ppm 
associated with the carbon atoms in various -CH2- groups, i.e. these attached to silicon 
atoms, those in the middle of the propyl chain in the MPTMS moieties and the -CH2-
groups bounded to -SH groups. After the "Fast" oxidation procedure, the I3C NMR 
spectrum shows a peak at -55 ppm and the disappearance of the peak previously 
associated with -CH2- attached to SH groups. The peak at -55 ppm can be assigned to 
the carbon atoms of -CH2- groups attached to the -S03H groups generated from the 
oxidation of -SH groups 151 , 152. 
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Figure 119. 13C NMR spectra for Hy15F and Hy15F OxF membranes. 
On the basis of the spectroscopic results it is possible to make the following deductions: 
• Hybrid membranes obtained by the "Preparation Scheme TI" display a higher 
retention of polysiloxane domains compared with the hybrids produced by the 
"Preparation Scheme I"; 
• The oxidation procedure denoted as "Fast" oxidation is less aggressive against 
polysiloxane domains than the "Slow" oxidation procedure; 
• Hybrid membranes obtained by "Slow" solvent evaporation have a polysiloxane 
content lower than membranes obtained by "Fast" solvent evaporation, 
regardless of the oxidation procedure (i.e. "Fast" or "Slow" oxidation 
procedure); 
• Infrared and I3C NMR spectra confirm that the "Fast" oxidation procedure is 
able to convert SH groups to S03H groups inside the polysiloxane domains. 
4.3.2 Thermogravimetric analysis 
Thermal analysis has been used to asses the thermal stability of the membranes and to 
determine the amount of residual polysiloxane domains remaining inside the membrane 
after the oxidation procedures. 
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Figure 120 shows the thennograms of recast Nafion and hybrid membranes before and 
after the oxidation process. For the sake of clarity only the thennogram related to 
Hy15S is shown, in so far as Hy15F displays the same features. 
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Figure 120. Thermograms related to recast Nation and hybrid 
membranes 
As described previously, the first significant mass loss event for recast Nation, 
associated with the thennal degradation of S03H groups, occurs at around 320°C. This 
thennal feature appears at higher temperatures for the case of hybrid membranes, 
respectively 350°C for Hy15F OxF and 360°C for Hy15S OxF. The mass losses 
observed for recast Nation at temperatures higher than 400°C correspond to the 
decomposition of Nafion perfluoroether side chains (around 420°C) and the 
decomposition of polytetrafluoroethylene backbone (around 470°C). Since these events 
occur at higher temperatures for the hybrid membranes, an increased thennal stability 
compared to the unmodified Nation can be ascertained. 
At 700°C the residual weight is about 7.2% wtlwt for Hy15S and 7.9% wtlwt for Hy15F 
(data not reported), and respectively 4.3 and 5.6% wtlwt for Hy15S OxF and Hy15F 
OxF. Given that the TGA residue is due to the fonnation of silica as Si02, for the 
system with overall polysiloxane content of 15% wtlwt the residue should have been 
equal to 10.2%. From this, it is possible to deduce that the conversion of alkoxysilane to 
silicon oxide via the TEOS/MPTMS sol-gel reactions is around 70-78%. The rest of the 
chemical species in the precursor can be assumed to have been lost as un-reacted or 
intennediate products during the casting and washing steps. After the Oxidation process 
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the yield of polysiloxane has been found to be in the region of 40% wtlwt for the 
hybrids obtained with the "Slow" process, and 55% wtlwt for the hybrids obtained with 
the "Fast" process. The polysiloxane content inside hybrid membranes is in the region 
of 6 to 9% wtlwt. It is worth noting that oxidized hybrid membranes prepared according 
to "Preparation Scheme II" display a polysiloxane content higher than the hybrids 
prepared by "Preparation Scheme I". The optimization of the preparation procedure has 
produced a significant increment in the polysiloxane content that is from 3-4% wtlwt to 
6-9% wtlwt. As far as the Oxidation procedure is concerned, "Fast" oxidation seems 
much more efficient in preserving the amount of polysiloxane and for the conversion of 
SH groups to S03H groups. 
4.3.3 SEM EDS analysis 
The SEM images of the cross-sections of Hy15S and Hy15F membranes and the 
corresponding oxidised membranes, Hy15S OxF and Hy15F OxF, are shown in Figures 
121a-d). 
Figure 121. SEM images of the cross section of membranes a) HyI5S, 
b) HyI5F, c) Hy15S OxF and d) Hy15F OxF. 
The hybrid membranes obtained according to the procedures denoted as "Fast" and 
"Slow" solvent evaporation display different morphologies. The fracture surfaces of 
Hy15S (Figure 121a)) and Hy15S OxF (Figure 121c)) are smooth whereas those of 
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Hy15F (Figure 121b)) and Hy15F OxF (Figure 121d)) show the presence of a coarse 
and heterogeneous structure throughout the entire thickness. The oxidation process 
reduces considerably the structural coarseness of the membranes. 
These morphological features suggest that the forced evaporation of the solvent, during 
the preparation of membranes by the "Fast" procedure, brings about a greater level of 
phase separation of the main components, i.e. Nafion polymer and polysiloxane 
precursor, resulting in the formation of highly heterogeneous regions . 
Figures 122a-b) and Figures 123a-b) show the silicon and sulphur mapping images 
respectively for the membranes Hy15S and Hy15S OxF. These images have been 
collected to evaluate the dispersion of silicon and sulphur atoms throughout the cross-
section of the membranes. The bright dots correspond to the areas of high silicon and 
sulphur concentration. From these images it is evident that both silicon and sulphur 
atoms are uniformly distributed in the membranes. Similar homogeneous dispersions 
were obtained for the membrane Hy15F and Hy15F OxF (the images are not reported 
for brevity). 
Figure 122. Silicon maps for a) Hy15S and b) and Hy15S OxF. The 
arrow shows the thickness of the membrane. 
Figure 123. Sulphur maps for a) Hy15S and b) and Hy15S OxF. 
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In order to assess semi-quantitatively the composition of the hybrid membranes, an 
energy dispersive X-Ray (EDS) analysis was performed on the fractured surfaces by 
collecting X-Ray emission from a square region of 25 !lm in lateral dimensions (25 
minute scanning time). The representative EDS spectra of recast N afion, Hy 15S and 
Hy15S OxF are shown in Figures 124a-c). 
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Figure 124. EDS Spectra of a) recast Nafion, b) Hy15S and c) Hy15S OxF. 
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Table 10 reports the relative amounts of silicon and sulphur for both recast Nafion and 
several hybrid membranes, before and after the activation treatment. The fluorine atom 
content is used as the internal reference. 
Table 10. Amounts of silicon and sulphur atoms inside the 
membranes. 
Membranes S/F Si/F 
%wt/%wt %wt/%wt 
Recast Nation 5 
Hy15S 15 15 
Hy15S OxF 9.4 9.8 
Hy15F 15 15 
Hy15FOxF 8.6 10.5 
The EDS results, in agreement with the thermal-gravimetric data, confirm that the 
oxidation process reduces the amount of silicon atoms within the membranes. 
It is interesting to observe that, relative to the recast Nafion membrane, the content of 
sulphur atoms increases significantly when the functionalised polysiloxane domains are 
present in the membranes, even after the oxidation treatment. This provides a clear 
confirmation of the validity of the approach adopted in this work, which revolves 
around the introduction of polysiloxane domains as a means of increasing the content of 
S03H groups, in addition to providing hydrophilic SiOH groups, within the membranes. 
4.3.4 AFM analysis 
Figures 125a-c) contain AFM data as topography, roughness and amplitude images for 
recast Nafion, Hy15F OxF and Hy15S OxF. The roughness is shown as Root Mean 
Square (RMS) data which represents the standard deviation of the Z axis values within 
the collecting area. The scan covered an area of 25·2511m2• As for amplitude it is worth 
mentioning that during tapping mode operation, the cantilever oscillation amplitude is 
maintained constant by a feedback loop. When the tip passes over a bump in the 
surface, the cantilever has less space to oscillate and the amplitude of oscillation 
decreases. Conversely, when the tip passes over a depression, the cantilever has more 
space to oscillate and the amplitude increases. Therefore the amplitude provides a 
different measure of the roughness. 
. 181 
Figure 125. AFM images as topography (left) , rougbness( central) and 
amplitude (right side) for a) recast Nation, b) Hy15F OxF and c) 
Hy15S OxF. 
Nafion sample exhibits the smoothest surface displaying an RMS value about ten-times 
lower than the value of the two hybrids (i.e. 3.1 against 39 and 34). Interesting 
information is gathered in comparing the two hybrids. The clearly evident particulate 
structure of sample Hy15F OxF seems to be completely absent in the Hy15S OxF. 
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Figures 126a-f) contain AFM data as topography and phase images for recast Nafion, 
Hy15F OxF nd Hy15S OxF collected over an area of l'1/lm2, i.e. at higher 
magnification. 
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Figure 126. AFM data as topography (left) and phase (right) images 
for a-b) recast Nation, c-d) Hy15F OxF and e-t) Hy15S OxF. 
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Figures 126a-b) reveal that the features observed in the topography image of recast 
Nafion do not correspond to the features in the phase image. This indicates that phase 
contrast depends primarily on the different interactions between the AFM tip and the 
surface of the specimen. As reported by several authors the Nafion phase image can be 
characterised by assigning the bright and the dark spots respectively to the ionic and 
fluorocarbon domains. In particular the dimensions of the ionic domains, determined by 
taking into account the bright spots, are not greater than a few nanometres153, 154. 
Figures 126c-d) and 126e-f) reveal that the topographic features observed for hybrid 
materials reproduce approximately the same features seen in the phase images, 
indicating that the contrast phase is determined both by the roughness and the 
heterogeneity in the material properties. The presence of the polysiloxane domains, 
which contribute to increase the membrane surface roughness, is easily revealed for 
sample Hy15F OxF (see Figure 126d)) in the form of particles with diameter higher 
than 200nm. The strong positive phase contrast associated with the presence of silica 
particles is likely to be caused by repUlsive tip-sample interactionsl55• All other phase 
contrast features observed in Figure 126d) can be tentatively associated with the 
roughness of the membrane. Sample Hy15S OxF shows a phase image where the 
contrast is quite uniform throughout the area investigated. It is likely the polysiloxane 
and the N afion domains are intimately dispersed and the material appears in the AFM 
analysis as a homogenous phase. 
The AFM analysis supports the suggestion made earlier that the "Fast" solvent 
evaporation produces hybrid membranes with separated inorganic domains, whereas the 
"Slow" solvent evaporation produces membranes containing intimately dispersed nano-
dimensioned inorganic and organic phases. 
4.3.5 X-Ray Diffraction Analysis (W AXS) 
In order to compare the degree of crystallinity of Nafion and hybrid membranes it is 
necessary to perform a curve resolution of XRD diffraction spectra. The original X-ray 
profiles were smoothed by using Savitzky-Golay algorithm. The straight baseline for 
28 within the range 10°_22° was set by subtracting the intermediate area between the 
straight baseline and the x-axis from the original profile. The curve resolution was 
performed by considering the experiment diffraction pattern as the sum of the 
amorphous halo (broad peak) and crystalline peak (sharp peak) componentsl56. These 
components have been fitted by adopting both Gaussian functions I57,158,159. 
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Figure 127 shows the X-Ray diffraction profile of recast Nafion membrane along with 
the peaks obtained by the curve resolution process. All spectra fits have a correlation 
coefficient (R2) of 0.990 or greater. 
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Figure 127. Experimental WAXS pattern for Nafion recast membrane and 
least-square fit (straight line) as the sum of an amorphous peak (20=16.7°) 
and a crystalline peak (20=17.7°) resolved as Gaussian function. 
As a result, the average crystallinity for recast Nafion results about 14.8% with an error 
of 1 % by using the Gaussian function. 
Figure 128a-b) reports the X-Ray diffraction profiles of Hy 15F and Hy 15F OxF 
membranes along with the peaks obtained by the curve resolution process by using the 
Gaussian functions. 
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Figure 128. Experimental W AXS patterns (dash black line) for a) Hy 15F 
OxF and b) Hy l5F membranes and their least-square fits (straight red line). 
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Table 11 reports the degree of crystallinity of several membranes, as the ratio of the 
integrated area of the crystalline peak to the total area related to amorphous and 
crystalline peaks along with additional results of the peak-resolution process. 
Table 11. Crystallinity degrees ofNafion and Hybrid membranes 
a) The crystalline degree was calculated according to the following method: 
- Smoothing of the raw experimental data using Savitzky-Golay filter; 
Subtracting a straight baseline in the range of 10-220 of20; 
- Curve resolution using Gaussian functions. 
b) The error was determined by measuring the crystalline degree for three 
specimens of the same membrane 
c) FWHM means "full width at half maximum" 
The results show that the degree of crystallinity of hybrids and recast Nation membrane 
are somewhat similar and depend only slightly on the casting and oxidation procedures. 
The results are in contrast with those reported in several papers l60,139 where low 
amounts of nanoparticles have been found to increase the Nation degree of crystallinity 
through nucleation effects. For the membranes in this work, as shown for the hybrids 
prepared according to the "Preparation Scheme !", the polysiloxane domains are likely 
to hinder the movement of Nation macromolecules during the solvent evaporation, 
preventing the formation of additional crystalline domains l61 • 
The "Full Width at Half-Maximum" (FWHM) reflects the amount of disorder within the 
crystallites related to the variation in crystalline size and lattice distortion. Crystalline 
size can be calculated using the peak position and the FWHM trough the "Scherrer 
equation" in Eq 48: 
Crystalline.size = K . A. / FWHM . cos e Eq.48) 
186 
where K is the shape factor of the average crystallite, nonnally 0.9, A is the X-ray 
wavelength (which is equal to 0.154 nm for CuKa) and 8 is the peak position. As a 
result, the crystalline sizes are 6.1, 6.5, 6.3, 6.5 and 6.2 nm respectively for recast 
Nation, Hy15F, Hy15S, Hy15F OxF and Hy15S OxF. Within the limits of accuracy, the 
crystalline sizes can be assumed to be quite similar and only slightly affected by the 
presence of polysiloxane domains. 
4.3.6 Small Angle X-Ray Scattering (SAXS) 
Small Angle X-Ray Scattering experiments have been used to study the effect of both 
the inorganic network and the water content on the morphology of recast Nation and 
Hybrid membranes. The membrane samples used in the characterization were 1) 
partially dried systems (i.e. referred to as samples in the "dried state"), 2) systems 
equilibrated at room humidity, 60% relative humidity and temperature, around 22°C 
(i.e. referred to as samples in the "hydrated state") and 3) systems completely swollen in 
water (Le. referred to as samples in the "water-swollen state"). 
Figure 129 reports SAXS spectra for the three recast Nation systems, i.e. equilibrated at 
ambient conditions, completely swollen in water and partially dried. The spectra were 
collected at room temperature. The sample in the dried state was obtained by leaving the 
sample in the SAXS holder under vacuum for 1h at 40°C. 
> Z 
::::::: 
0,1 
0,01 
0000000 
6 Dried state 
d=4,65nm 
~IIlIIIIITlllih / d = 3,65 nm 
/ d=2,88nm 
~~~/ 
o Water Swollen state 
o Hydrated state 
1 
-1 q, nm 
Figure 129. SAXS spectra normalized by the scattering invariant for 
Recast Nation equilibrated at ambient conditions (Le. Hydrated state), 
swelled in liquid water (i.e. Water-swollen state) and partially dried (Le. 
Dried state) 
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Nation membrane exhibits the following scattering features: 1) the matrix knee at q 
value of around 0.5-0.7 nm- I , which is due to the semicrystalline nature of the 
perfluorosulfonic acid polymer; 2) the "ionomer scattering peak" centred around q-
value of 1.1-1.9 nm- I (corresponding to d spacing as 2rc/q between 5.7 and 3.3 nm), 
depending on the equivalent weight and the water content. These scattering features are 
followed by a strong reduction in the scattering intensity, where l(q) is quite 
proportional to q-4 suggesting a sharp interface between the polymer and waterl62• 
It can be observed, from curves in Figure 129, that the position of the ionomer peak and 
consequently the separation distance between hydrophilic and hydrophobic domains 
depends on the water content. The higher is the water content, the higher the separation 
distance. 
Recast Nation exhibits separation distances slightly larger than commercial membranes 
both in the water swollen state and at low water contentsl63 (spectra for commercial 
membrane are not reported for brevity). 
Figure 130 shows SAXS spectra as l(q)·q2 versus q for recast Nation membranes. In this 
plot it is easier to detect the position and the broadening of the "ionomer peak". The 
inset graph shows the SAXS spectra as l(q)'q which should allow a better resolution of 
the diffraction peak associated with the crystalline domains in the hypothesis of the 
existence of cylindrical, rather than lamellar, crystallites163• 
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Figure J 30. SAXS spectra for Recast Nation equilibrated at ambient 
conditions (i.e. Hydrated state), swelled in liquid water (i.e. Water-
swollen state) and partially dry (i.e. dried state). The inset graph 
reports SAXS spectra as I(q)'q versus q vector. 
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The position of the diffraction peak associated with the crystalline structure at around 
0.6nm-1 does not change with the water content. From this is deduced that the Bragg 
distance, which represents the dimension of the intercrystalline repeat distance, is equal 
to around lOA nm. Sacca et al. 163 have observed that for recast Nation the crystalline 
structure is not affected by water swelling and that is determined by the more rigid 
structure of the polymeric matrix resulting from the thermal treatments in the recasting 
procedure. 
The area enclosed by the curve resulting from the plot J(q}l versus q is proportional to 
the Invariant, INV which describes the electron density fluctuation of polymer. This 
parameter is a good approximation of the extent of phase separation between the 
hydrophobic and hydrophilic domains. The higher is the Invariant, the higher the phase 
separation. 
It is well evident that the degree of phase separation related to recast Nation in the 
water-swollen state is higher than for the samples in both the hydrated and dried states. 
In this respect the Invariant depends on the water content, and it increases as a result of 
the increase in the separation distance between hydrophilic and hydrophobic domains 
which is due to the water absorption. 
Figure 131 shows SAXS spectra for Hy15F OxF membranes in the hydrated state, dried 
and water-swollen state (the spectra for Hy15S OxF are not reported for sake of 
brevity). 
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Figure 131. SAXS spectra normalized by the scattering invariant for 
Hy 15F OxF equilibrated at ambient conditions (i.e. Hydrated state), 
swelled in liquid water (i.e. Water-swollen state) and partially dried 
(i.e. Dried state) 
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The "ionomer peak" moves towards lower q values as the water content increases, 
reproducing the same features exhibited by the recast Nation membrane. 
Figures 132a-b) show SAXS spectra for recast Nation and both hybrid membranes, 
Hy15S OxF and Hy15F OxF, respectively in the hydrated state (Figure 132a)) and in 
the water-swollen state (Figure 132b)). 
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Figure 132. SAXS spectra of recast Nation, Hy15S OxF and Hy15F 
OxF in a) hydrated state and b) water-swollen state. 
As can be seen in Figure 132a), for samples in the hydrated state the ionomer peaks of 
the hybrid membranes are slightly wider than the peak for the recast Nation, which is 
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indicative of a greater spread of the separation distances between hydrophobic and 
hydrophilic domains. The higher scattering intensity observed at low q values for the 
hybrid membranes may be ascribed to the presence of the inorganic domains. 
The differences between recast Nation and hybrid membranes observed for the hydrated 
state, are no longer evident for the samples in the water-swollen state and, as shown in 
Figure 132b), the ionomer peaks are always located at q value of around 1.5nm-1 
regardless of the membrane typology. 
Table 12 reports the intercrystalline repeat distance, Lcry and the separation distance 
between hydrophobic and hydrophilic domains, Lion, along with the values of the 
Invariant for recast Nation and hybrid membranes at different water content levels. Both 
Lcry and Lion have been calculated using the Bragg distance fonnula: L=2rrJq where q 
values have been taken from the I(q)'l vs q plots to obtain the separation distance 
between hydrophobic and hydrophilic domains and the I(q)'q vs q to obtain the 
intercrystalline repeat distance. 
Table 12. SAXS Invariant and Interdomain distances 
Sample/hydration INV, L cry, Lion, 
state (1021 cm-4) (nm) (nm) 
Recast Nation 
Dried state 2.3 10.4 2.7 
Hydrated state 3.0 10.4 3.3 
Water-swollen state 8.8 10.4 4.2 
Hy15S0xF 
Dried state 1.6 13.9 2.9 
Hydrated state 12.5 10.5 3.7 
Water-swollen state 14.1 9.4 4.2 
Hy15FOxF 
Dried state 2.9 12.3 2.9 
Hydrated state 13.2 10.1 3.8 
Water-swollen state 13.7 9.4 4.2 
As already reported for recast Nation, even for the hybrid membranes the distance 
between hydrophilic and hydrophobic domains depends on the water content, and 
increases with the increasing water content. 
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As far as the crystalline peak is concerned, the hybrid membranes display a different 
behaviour compared to recast Nation. In fact, the position of the peak associated to the 
intercrystalline regions repeat distance, Lcry shifts to lower q values with decreasing the 
amount of water in the membranes. Furthermore, the hybrid membranes display similar 
Invariant values irrespective of whether they were hydrated at room conditions or 
swelled in liquid water. Thus, the degree of separation between hydrophilic and 
hydrophobic regions does not change with the water content. In the hydrated state the 
samples exhibit comparable intercrystalline distances in agreement with the similar 
degree of crystallinity. It is worth noting that in the case of recast Nation the separation 
distance between hydrophilic and hydrophobic domains increases from 3.3 nm to 4.2 
nm when the water content increases from 6.4% wt/wt (corresponding to water vapour 
absorbed at water activity 0.6 (for more details see section number 4.3.10)) to 22% 
wtlwt (water liquid uptake of recast Nation, as reported in Table 15). In the case of 
hybrid membranes the' separation distance increases from 3.7 nm to 4.2 nm when the 
water content increases from about 7% wtlwt (corresponding to the water vapour 
absorbed at water activity 0.6) to 32.4% for Hy15S OxF and to 30.3% wtlwt for Hy15F 
OxF. This suggests that the polysiloxane domains, which cause an increase in the 
amount of water absorbed from both vapour and liquid water (see 4.3.9 and 4.3.10 
sections), give rise to higher separation distances between hydrophobic and hydrophilic 
domains at medium-to-Iow water activity (i.e. aw at around 0.6). These conditions are 
likely to prevent the formation of end-terminated hydrophilic domains, which are 
unfavourable for the mobility of protons. At the same time they stabilize the more 
favourable morphology consisting of connected hydrophilic domains when the 
membranes operate at elevated temperature and at low water activity (see section 
number 4.3.11). 
The SAXS results indicate that for recast Nation the increment in water content causes 
an increase in both the amount of phase separation and the separation distance between 
hydrophobic and hydrophilic domains, leaving unaffected the repeat distance of 
intercrystalline regions. This is consistent with a mechanism where the sizes of water 
clusters increase with increasing water content and the extent of membrane swelling is 
limited. 
On the other hand, in hybrid materials, the increase in water content leads to an increase 
in the separation distance between hydrophobic and hydrophilic domains, along with a 
reduction of the intercrystalline distance. The reduction of the intercrystalline distance 
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can be explained by hypothesizing that the numbers of crystalline domains inside the 
system increase during sorption. As already shown for the Hybrids prepared according 
to the "Preparation Scheme I", the polysiloxane aggregates, during the recasting, could 
affect the morphology of the materials, leaving -CF2- chains outside the crystalline 
domains. However these -CF2- chains are to likely organise themselves into additional 
pseudo-like crystalline structures with the penetration of water molecules, thereby, 
reducing the intercrystalline regions repeat distance. 
Figure 133 and Figure 134 show SAXS spectra as I(q)·l curves versus q for recast 
Nation and hy~rid membranes for both the water-swollen and the hydrated states. 
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Figure 133. SAXS spectra as I(q)·l versus q vector for recast Nafion 
and hybrid membranes in the water-swollen state. 
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Figure 134. SAXS spectra as I(q)'l versus q vector for recast Nafion 
and hybrid membranes in the hydrated state. 
As well as the diffraction features discussed so far (i.e. the diffraction peak associated to 
the crystalline domains and the diffraction peak associated to the separation between 
hydrophilic and hydrophobic domains), an additional diffraction peak at q value of 3.1 
nm-1 (Le the Bragg separation distance is 2 nm) is observed in the hybrid membranes. 
This diffraction feature is well detectable in the hydrated state and less evident in the 
water-swollen state. 
The assignment of this diffraction peak is quite uncertain. According to a recent paper 
of Lavorgna et al. 109 it is possible to hypothesize that the morphology of hybrid 
membranes in the hydrated state is characterized by a bimodal distribution of separation 
distances between segregated hydrophilic and hydrophobic domains. The smaller 
separation distance can be attributed to the diffuse distribution of S03H within the 
membranes due both to the difficulty of Nafion molecules to become organized during 
the recasting procedure and to the presence of S03H groups anchored on the 
polysiloxane structure. 
The presence of a small separation distance has already been reported in the literature 
for ionomers. It is well known, for instance, that in the case of sulphonated 
polyetherketone membranes increasing the sulphonation level results in a concomitant 
increase in the number of ionic clusters, characterised by a smaller centre-to-centre 
cluster distancel64• Furthermore it is worth noting that for membranes obtained from 
poly(vinylidene-fluoride) grafted with sulfonated polystyrene at lEe equal to 2.25 
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meq/gr, the "ionomeric peak" was observed at q-value of 3.5 run-I in the wet state l65, 
which is similar to that obtained with the present hybrid systems. 
In the light of SAXS results, the morphology of hybrids can be schematized as reported 
in Figure 135 adapted from Schmidt-Rohr et a1. 48. 
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Figure 135. Representation of hybrid membranes morphology adapted 
from ref 48 . a) Cross sectional and transverse view of the cylindrical 
hydrophilic domains. b) Packing of cylindrical hydrophilic domains; c) 
Cross-section of the hybrid system showing water channels (cyan), 
Nafion crystallites (red), amorphous Nafion matrix (orange) and 
polysiloxane structure or domains (yellow); d) Longitudinal section of 
cylindrical hydrophilic domains partially filled with water and 
polysiloxane domains. 
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From sketch b) in Figure 135, it is possible to observe the presence of the separation 
distances between hydrophilic and hydrophobic domains associated to the Nation 
morphology (i.e. average 3-4 nm) and the presence of smaller separation distance (i.e. 
average distance 2nm) which arises from the acidic moieties in the polysiloxane phase. 
SAXS analysis has been also used to get insights into the structure of the inorganic 
domains generated during the preparation of hybrid materials according to the 
evaporation solvent procedure referred to as "Slow" and "Fast" procedures. 
Figure 136 reports the Porod plots, Log(I) versus Log(q) for the hybrid membranes for q 
values lower than 0.4 nm- I . 
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Figure 136. SAXS spectra as LogI(q) vs Log(q) for hybrid membranes 
in the hydrated state. 
The slope of the linear region gives an indication of the fractal dimension, Dm of the 
inorganic domains, which can be taken as a measure of their compactness. A higher 
fractal dimension is indicative of a more compact structure of the inorganic domains. 
Furthermore the presence of two or more linear regions in the Porod plot makes it 
possible to determine the size of the primary inorganic particles and their state of 
aggregation 166. 
The Hy15S OxF membrane shows a Porod plot with two linear regions intersecting at 
the point where the characteristic dimension is equal to 25nm, which may represent the 
size of the primary polysiloxane-rich phase. The primary particles with fractal 
dimension Dm equal to 0.60 are aggregated in domains with fractal dimension Dm equal 
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to 0.76. Obviously the polysiloxane rich agglomerates have fractal dimensions slightly 
larger than the primary polysiloxane particles. Too small fractal dimensions indicate 
that both the agglomerates and the primary particles have a structure characterized by a 
low level of compactness'67. The Hy15F OxF membrane shows only one linear region 
with the lower fractal dimension Dm in the region of 0.46. Thus, it is not possible to 
detect the dimension of the primary polysiloxane-rich phase which presumably is 
greater than the SAXS limit (around 60nm). The hybrid obtained through the "Slow" 
method presents a slightly greater compactness of the polysiloxane domains than the 
hybrid obtained with the "Fast" process. 
Figure 137 reports SAXS spectra for recast Nation and Hy 15F OxF collected at lOO°e. 
The samples equilibrated at room temperature (referred to as hydrated samples) were 
located in a cell and heated up to 100oe. Since the holder is a vacuum tight cell and the 
water vapour pressure increases with the temperature, it is possible that the actual water 
content of the membranes is lower than the water content for the membranes in the 
. hydrated state. The inset graph shows the SAXS spectra as l(q )-q2 versus q. 
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Figure 137. SAXS spectra of recast Nation and Hy15F OxF collected at 
lOOoe. The inset graph reports SAXS spectra as I(q)-l versus q values. 
The SAXS spectra show that the hydrated membranes heated at lOOoe display the two 
typical peaks of Nation. However the ionomer peak of recast Nation shifts to a q value 
of 2.1nm-', which corresponds to a separation distance of about 3 nm; whereas for 
hybrid membrane the ionomer peak results as a broad diffraction peak at 3.7 nm-' 
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corresponding to a separation distance between hydrophilic and hydrophobic domains 
of about 1.7 nm. This result is a further confirmation that for the hybrid membranes 
there is a bimodal distribution of the separation distances between hydrophilic and 
hydrophobic domains. 
It is worth noting that the hybrid membranes in the dried state also exhibit a bimodal 
distribution of the separation distances (see Figure 138). 
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Figure 138. SAXS spectra ofHy 15S OxF and Hy15F OxF collected 
in the dried stated. 
The presence of a bimodal distribution of the separation distance between hydrophilic 
and hydrophobic domains may contribute to the enhancement of the performance of the 
hybrid materials in terms of ionic conductivity. At low temperature and high water 
content the presence of the polysiloxane domains with their smaller separation 
distances creates obstacles for the movements of protons. At high temperature (i.e. 
temperature higher than 80°C) and at medium hydration levels (i.e. water activity in the 
range 0.3-0.8) the higher thermal activation energy of these systems allows the proton 
to move through the additional water clusters in the polysiloxane domains. Therefore, 
under these conditions the ionic conductivity increases dramatically with respect to 
unmodified Nafion which not only has a lower water content at these temperatures but 
loses the percolating morphology of the ionic clusters (see 4.3.11 and all 4.4 sections). 
In other words, the presence of additional "clusters" in the polysiloxane domains 
ensures that a percolating pathway for the proton mobility also exists at high 
temperature and at low hydration levels. 
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Finally, by comparing the SAXS results related to hybrid materials obtained through the 
recasting procedures denoted as "Preparation Scheme I" and "Preparation Scheme n" it 
is evident that the most important difference between the two is related to the separation 
distances between hydrophilic and hydrophobic domains. In the hydrated state the 
hybrids prepared according to "Preparation Scheme I" exhibit separation distances 
lower than recast Nafion (i.e. prepared by the same procedure). On the other hand, 
hybrids obtained by the "Preparation Scheme n" exhibit separation distances higher 
than those relative to recast Nafion. This difference is substantial and confirms firstly 
that the properties of recast N afion depends on the procedure adopted for obtaining the 
membranes and secondly it is possible to modulate the properties of the hybrids by 
manipulating the processing variables (compare the properties of hybrids obtained by 
"Preparation Scheme n" and "Preparation Scheme I"). 
4.3.7 Oxidative stability 
The oxidative stability of the recast Nafion and the hybrid membranes determined by 
use of the Fenton's reagent at 80°C is reported in terms of weight loss in Table 13. 
Hybrid membranes exhibit a satisfactory stability retaining more than 97% of their 
original weight after testing. As reported by Wei Fu-Chen et a/168, it is possible that the 
oxidative attack by radical species ·OH and HOO· takes place on the propyl sulphonated 
pendent groups within the polysiloxane framework. It is worth noting that the observed 
reductions in weight for hybrids are very small and comparable to those exhibited by 
the recast N afion. 
Table 13. Oxidative stability in terms of Weight Reduction for 
recast Nation and hybrid membranes 
Membrane Oxidative stability 
Weight loss, % wt/wta) 
Recast Nation 0.6 
Hy15F OxF 2.6 
Hy15S OxF 2.4 
.) Relative error is about 0.2% wtlwt for recast Nafion and about 
0.4% for hybrid membranes 
4.3.8 Ion Exchange Capacity 
Table 14 reports ionic exchange capacity (lE C) values for both recast Nafion and hybrid 
membranes. The values are reported as the average values from five measurements. 
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These show that the hybrid membranes exhibit IEe values lower than that of recast 
Nation. The lowest IEe values are obtained for hybrid samples prepared by using the 
MPTMS/TEOS ratio equal to 50/50 wtlwt. 
Table 14. IEe for Nafion and hybrid membranes 
Materials lEe (meq/gr) Standard 
deviation, ~me!l/gr~ 
Recast Nafion 0.92 0.01 
Commercial Nafion 0.92 0.01 
Hy 10F OxF MIT 35/65 0.70 0.03 
Hy 10F OxS MIT 35/65 0.83 0.03 
Hy 10S OxF MIT 35/65 0.75 0.03 
Hy 10S OxS MIT 35/65 0.78 0.03 
Hy 15F OxF MIT 35/65 0.76 0.03 
Hy 15F OxS MIT 35/65 0.84 0.03 
Hy 15S OxF MIT 35/65 0.82 0.03 
Hy 15S OxS MIT 35/65 0.77 0.03 
Hy 10F OxF MIT 50/50 0.67 0.03 
Hy 10F OxS MIT 50/50 0.60 0.03 
As a result, the IEe values for hybrid membranes are lower than the values predictable 
on the basis of the dilution effect of Nation due to the presence of the polysiloxane 
domains; it is likely that the polysiloxane is characterised by a lower number of 
exchangeable protons than that of recast Nation (0.92 meqlgr). 
Furthermore the IEe values of the hybrid membranes are sufficiently scattered to make 
it impossible to determine which is the best oxidation procedure. These observations, 
however, have to take· into account that as reported previously, the determination of IEe 
for hybrid materials by the titration method is questionable. 
4.3.9 Liquid water uptake 
Table 15 reports the water uptake of both recast Nation and hybrid membranes. The 
values are reported as the average of tive measurements. The procedure adopted is quite 
reliable and the experimental error is not more than 1 % wtlwt. 
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Table 15. Water liquid uptake for Nation and hybrid membranes 
Materials Water uptake, 
% wt/wt 
Recast Nation 22 
Commercial Nation 21 
Hy 10F OxF Mff 35/65 21.6 
Hy 10F OxS Mff 35/65 23.1 
Hy 10S OxF Mff 35/65 25.1 
Hy 10S OxS Mff 35/65 24.7 
Hy 15F OxF Mff 35/65 30.3 
Hy 15F OxS Mff 35/65 32.1 
Hy 15S OxF Mff 35/65 32.4 
Hy 15S OxS Mff 35/65 35.3 
Hy 10F OxF Mff 50/50 29.8 
Hy 10F OxS Mff 50/50 28.2 
The results show that an increase in the theoretical silica content brings about a 
concomitant increase in water uptake. 
The relationship between water uptake and lEe values, however, is not linear because 
in the hybrid materials the water uptake depends not only on the hydrophilic nature of 
the polysiloxane domains but on the morphology and the connectivity of these domains. 
However it has been verified experimentally that at theoretical polysiloxane contents up 
to 15% wt/wt, the linear swelling measured as increase in thickness is not more than 
10% (Note that for recast Nafion under the same conditions the linear swelling is about 
8%). This indicates that the increased water content of hybrid materials may be mainly 
due to specific interactions between water molecules and hydroxyl groups of the 
polysiloxane domains. 
It is worth noting that both recast Nafion and hybrid membranes exhibit a larger water 
uptake from a water liquid environment than the sorption from water vapour (see 4.3.10 
paragraph) as expected on the light of the existence of the Schroeder's paradox. 
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4.3.10 Water vapour sorption 
Figure 139 shows the vapour water sorption isothenns for recast Nation at 40, 55, 70 
and 80°C collected by using an automatic balance Q5000A SA sorption analyzer. 
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Figure 139. Water vapour sorption isothenns at 40, 55, 70 and 80°C of 
recast Nafion. The solid line represents Brunauer-Emmett-Teller 
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Figure 140 reports vapour water sorption isothenns for Nation and hybrid materials at 
55°C. 
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In the temperature range 40-80°C the recast Nafion exhibits vapour water sorption 
isotherms that are not dependent on temperature I 69. Therefore for the sake of clarity 
only the Brunauer-Emmett-Teller (BET) fitting curves at 55°C are shown along with 
the experimental data. 
All the membranes investigated display the typical sigmoidal sorption isotherms of 
ionomers. The sorption of water involves two populations of molecules, those "bound" 
by Hydrogen bonds to hydrophilic groups in the polysiloxane component ([(Si02)] ... 
(H20)n) or hydrating hydronium ions (H30+'" (H20)n) as counter ion to sulfonic groups, 
and those that are physically absorbed as a continuous water phase [(H20)n]1\8, 170. In 
particular, at low activities, the downward concavity observed in the sorption isotherms 
can be related to the binding of the strongly interacting first layer of water molecules to 
sulphonic (-S03H) and hydrophilic polysiloxane groups (i.e -SiOSi- and -Si OH), while 
the upward concavity observed at high activities is due mainly to the binding of water 
molecules in the formation of additional solvated layers where the water molecules 
interact only with themselves, as a continuous water phase. 
From the curves in Figure 140 it is clear that the two hybrids display similar water 
sorption behaviour and that their vapour water isotherms are higher than the recast 
Nafion at each water activity. In particular hybrid membranes display a slightly higher 
contribution of adsorption on specific sites (downward concavity region) because of the 
presence of hydrophilic siloxane domains, which contribute to the initial additional 
adsorption capability of the material. This is confirmed by data in Table 16, which 
contains the values of the BET fitting parameters of both recast Nafion and hybrids 
membranes. In particular the saturation parameters nm of the two hybrids are similar at 
each temperature and are slightly higher than the recast Nafion at the same temperature. 
Table 16. Parameters of the finite multilayer BET model for water sorption in ionomeric 
membranes. 
nml%)ladiml cladimt n(adim) 
Sample 40°C 55°C 70°C 80°C 40°C 55°C 70°C 80°C 40°C 55°C 70°C 
Recast Nation 2.9 2.9 3.0 3.1 6.9 7.1 7.0 6.0 7.4 7.5 7.6 
Hy15FOxF 3.6 3.3 3.4 3.4 4.9 5.9 5.6 5.7 6.7 7.9 7.2 
Hy15S OxF 3.3 3.3 3.4 3.3 7.0 7.2 6.2 6.4 7.7 7.9 6.9 
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80°C 
6.9 
7.0 
7.9 
At higher water activities (upward concavity region) the two hybrids display a water 
uptake capacity that is significantly higher than that of the recast Nafion. This is 
consistent with the higher nm values of the hybrids in comparison to unmodified Nafion, 
along with the quite similar values of the average number n of the adsorbed water 
layers. 
In proton exchange membranes water diffusivity is an important factor in so far as it 
controls the hydration rate of the membrane. The higher the water diffusivity, the 
shorter is the hydration transient at the start-up of energy generation by fuel cell. 
Mutual water diffusivities in the samples have been determined as a function of 
temperature. The experimental procedure used and the related numerical correction are 
described in the experimental section (for more details see paragraph 3.3.13). 
Figure 141 reports the mutual diffusivity values as a function water content level inside 
the membranes for recast Nafion at 40,55 and 70°C, and that ofHy15S OxF and Hy15F 
OxF at 40°C. 
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Figure 141. Water diffusivity coefficients as a function of water 
sorption for recast Nation at 40, 55, 70°C and for hybrids at 40°C. The 
solid lines are provided as a guide. 
Diffusion is a typically thermally activated process; therefore the diffusivity coefficient 
increases with temperature at a constant concentration of absorbed water existing within 
the polymeric membrane. At each temperature the diffusivity coefficients show a 
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maximum with respect to both water vapour activity and the related equilibrium 
concentration. 
The presence of a maximum of mutual diffusivity as a function of weight fraction of 
low molecular weight penetrant is widely reported for rubbery polymers and, for a low 
mass penetrant fraction (i.e. values lower than 0.2) it can be explained by considering 
that the mutual diffusion coefficient is simply equal to the product of the penetrant self-
diffusion coefficient and a thermodynamic coefficient (which represents the dependence 
of penetrant chemical potential on penetrant concentration). While the self-diffusivity, 
which reflects the intrinsic mobility of penetrant molecules within the membrane, 
steadily increases with penetrant concentration, due to the related increase of free 
volume of the polymer-penetrant mixture, the thermodynamic coefficient generally 
decreases with the penetrant concentration. These two opposing effects could explain 
the occurrence of a maximum in the mutual diffusivity as a function of the penetrant 
concentrationl71 • 
Alternative explanations for the case of the diffusivity of water in Nafion have been 
given by several authors 172, 173, 174. It is argued that the underlying cause is the 
occurrence of water clustering, in so far as, at high RH, the diffusion mechanism is 
based on the movements of clusters of water molecules. As a result, while the 
diffusivity decreases the minimum critical free-volume for diffusive jumps increases. 
This explanation seems to be consistent with the fact that in all samples investigated the 
weight mass fraction of absorbed water corresponding to the maximum in water 
diffusivity is quite close to the transition in the sorption isotherms, which is associated 
with the onset of water clustering, as suggested by the BET fitting. 
In comparing the diffusivity values of the membranes investigated, it is worth noting 
that the increased tortuosity for the water penetrant elementary jumps, due to the 
interpenetration of the constituent domains of Hy15S OxF, brings about a decrease in 
the water diffusivity of the hybrid, compared to that of recast the Nafion. The lower 
compactness of Hy15F OxF (as confirmed by SAXS analysis), on the other hand, 
increases the diffusivity to values even higher than that of recast Nafion. 
4.3.11 Proton Conductivity 
Proton conductivity originates from the intrinsic mobility of the protons, and therefore it 
is subjected to thermal activation and is aided by the presence of water within the 
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membrane. On the basis that the hydrophilic domains may be present equally as 
connected and end-terminated domains, the proton conductivity is expected to decrease 
under conditions that bring about a reduction of the equilibrium water content and to 
increase with increasing the temperature of the environment. 
Figure 142 shows that proton conductivity data for recast Nafion at 40, 55, 80 and 
lOOoe, as a function of the vapour water activity. 
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Figure 142. Proton conductivity as a function of water activity for recast 
Nafion at 40, 55, 80 and 100°C. The dashed lines are provided as a guide. 
The proton conductivity of recast Nafion always increases with increasing water vapour 
activity at a given temperature and with increasing temperature at a fixed water activity. 
Since in the temperature range 40-80°C the water sorption does not significantly depend 
on the temperature, the further increase in proton conductivity at 100°C can be directly . 
related to the increase in mobility of the protons through thermal activation. 
Figures 143a-d) compare the proton conductivity data at 40,55, 80 and lOOoe for recast 
Nafion, Hy 15S OxF and Hy 15F OxF, as a function of the vapour water activity. The 
inset of Figure 143d) shows the proton conductivity at 1200 e for all membranes. 
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Figure 143. Proton conductivity ofHy15F OxF, Hy15S OxF, recast 
Nafion at a) 40°C, b) 55°C, c) 80°C, d) 100°C and 120°C (inset of Figure 
d» as a function of water activity. The solid lines are provided as a guide. 
Both hybrid membranes and recast Nafion display proton conductivity values that 
always increase with increasing water vapour activity at a given temperature and with 
increasing temperature at a fixed water activity. 
However, from the curves of Figure 143 it is clear that the hybrid membranes have a 
peculiar behaviour. At 40°C and 55°C, Hy15F OxF exhibits a proton conductivity that 
is higher or similar to that of the recast Nafion, but is even higher than the conductivity 
ofHy15S OxF. 
At higher temperatures (80-120°C) an inversion is observed for the behaviour of the 
proton conductivity of the two hybrids, in so far as the proton conductivity of hybrid 
Hy15S OxF is clearly higher than that of hybrid Hy15F OxF, which is still higher than 
the conductivity of recast Nafion 
It is worth noting that water sorption is not the only key parameter for the proton 
conductivity of membranes. This can be deduced from the observation that, despite the 
fact that the two hybrid membranes exhibit similar water absorption characteristics their 
ionic conductivities are strongly different. Since the amount of the functionalised 
polysiloxane introduced in both hybrids is somewhat similar, the difference in the 
proton conductivity behaviour of the two hybrids may be attributed to the significant 
difference in their morphology and, in particular, to the interfacial area between the 
polysiloxane and organic domains. 
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A better understanding of the different behaviour exhibited by the two hybrids is 
obtained by comparing the activation energy of the proton conductivity mechanism. 
Since the water sorption in the three samples investigated is not temperature dependent, 
the activation energy can be calculated by considering the Arrhenius relationship 
between the ionic conductivity and the changes in temperature at fixed water activity175, 
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As an example Figure 144 and Figure 145 shows plots of the logarithm of the proton 
conductivity as a function of liT at vapour water activities equal to 0.7 and 0.4 
respectively. 
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The values of the molar activation energy reported in the legend of Figure 144 and 
Figure 145 reveal a clear difference between Hy15S OxF, Hy15F OxF and recast 
Nation. In particular the activation energy exhibited by the hybrid Hy15S OxF is 
approximately 3 times higher than that of recast Nation, while for hybrid Hy15F OxF it 
is somewhat similar to that of recast Nation. It is worth noting that the activation energy 
for Nation recast, which is consistent with the values reported for Nation 112 by 
Sanchez et al. 93, reduces with increasing the water activity. On the other hand, within 
the limits of certainty, the activation energy values for hybrid materials do not seem to 
depend on the water content of the membranes. This is presumably because the 
hydrophilic groups in polysiloxane domains have a high capacity to retain water and, 
therefore, to reduce the dependence of the proton conductivity on hydration. 
Since the Hybrid Hy15F OxF is characterized by a morphology consisting of dispersed 
particles of polysiloxane domains within the Nation polymer, the percolative proton 
conductive phase is provided primarily by the Nation domains. The intrinsic mechanism 
for the mobility of protons in Hy15F OxF and in recast Nation is quite similar and can 
account also for the similarity of the activation energy values. The main effect of the 
polysiloxane domains is likely to be the increase of sulphonic group content and the 
increase in water sorption, both of which result in a higher proton conductivity relative 
to unmodified Nation. 
The effect of the polysiloxane domains on the proton conductivity of hybrid Hy15S 
OxF is more complex since this material has an activation energy higher than Nation, 
but at high temperatures the ionic conductivity is considerably higher. Since the 
polysiloxane domains are homogenously distributed on the nanoscale inside the Nation 
polymer, they are likely to hinder the elementary jumps of the protons along the 
hydrophilic pathways. Furthermore it is well known that the dissociation constant of 
S03H groups present in the polysiloxane domains, increases with temperature177• Thus 
in contrast to the S03H groups in unmoditied Nation, which are fully ionized at room 
temperature, the proton density in hybrid materials increases with the temperature. 
Therefore, at high temperatures both the increase in proton density, which offsets the 
obstacles for the proton in the elementary jump between adjacent polymeric and 
polysiloxane domains, and the existence of a morphology with smaller separation 
distances between hydrophilic and hydrophobic domains (see 4.3.6 paragraph) produce 
an increase in ionic conductivity of the Hy15S OxF system relative to the recast Nation. 
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4.2.12 Conductivity model 
In order to identify the role of polysiloxane domains in the mechanism of proton 
transport, the proton conductivity data have been fitted to the theoretical model 
proposed by Thampan et al.178. This model is analogous to proton diffusion in an 
aqueous electrolyte and it introduces a correction factor to account for the presence of 
polymer matrix. The basic assumptions are: 
1) The frictional interaction between the hydronium ions, H30+ and the polymer 
membrane is modelled as proton diffusion through both water and large polymer 
particles. 
2) The introduction of a percolation threshold below which the conduction is prevented 
for the lack of continuous conduction pathways. 
3) Effective diffusion constants are introduced to account for the porosity and tortuosity 
of the polymer. 
The model yields the following equation to describe the conductivity of a membrane: 
Eq.49) 
where C is the fractional membrane volume filled with water and Co the fractional 
membrane volume corresponding to the percolation threshold, q is a fitted constant, 
C HA,O the concentration of sulphonic acid groups, g the ratio of the proton diffusion 
coefficient in water and proton diffusion coefficient in the membrane, ~ the equivalent 
conductance at infinite dilution in water, a the fractional dissociation of the sulphonic 
acid in the membrane which is a function of water content. 
The several terms of the Eq. 49) can be described as a function of the water content, A 
(H20 moles per S03H mole): 
(7= Eq.50) 
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where VM and VH20 are respectively the partial molar volume of the polymer and water, 
K is a constant of acid dissociation. The values suggested by Thampan et al. 178, listed 
in Table 17, have been adopted. The fitting parameter was Co whereas 0 was adjusted 
for the various membranes to take into account the variations of the water diffusivity 
coefficients. 
Table 17. Parameters of Proton conductivity model ofThampan et al. I78 
Parameter Recast Nafion Hy15FOxF Hy15S0xF 
Co 0.029 0.032 0.04 
q 1.5 1.5 1.5 
K 6.2 6.2 6.2 
~ (S/cm) (at 353K) 1650 1650 1650 
0 5.5 0.5 5.5 
Figures 146, 147 and 148 show the model predictions compared to the experimental 
conductivity data collected at 80°C and plotted against water content, along with the 
fitting ofthe data through the use of the Boltzmann function . 
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The results shows that the Thampan model fits quite well the experimental data for ')., 
values higher than 3 for recast Nafion and 5 for hybrids membrane. As the water content 
increases the sulfonic acid groups dissociate to a greater extent and increase the 
concentration of protons in the membrane resulting in an increase in conductivity. The 
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predicted conductivity by the Thampan model decreases faster at low water contents 
than the experimental data. This is because the Thampan model neglects proton 
transport mechanism (i.e. tunnelling) which may dominate at low water content. 
Moreover it is important to note that the Thampan model fails in fitting the 
experimental data for hybrid membranes. This suggests that at low water content the 
proton transport mechanism in hybrid membranes is not only due to Grotthus and 
vehicular mechanisms but probably through a transport mechanism assisted by the 
polysiloxane domains. 
A possible explanation of the enhanced proton conduction of hybrid materials at low 
water activity (i.e. in the range 0.4-0.7) and high temperature (i.e. temperature higher 
than 80°C) could be considered in the light of the discussion reported by Schukla et 
al. 179. 
Upon exposure to water, polysiloxane domains hydrated primarily in two ways: i) 
physical adsorption of water molecules, including hydrogen bonding to surface oxygen 
ions and ii) chemisorption ofhydronium ions. 
The physical adsorption is represented by: 
and chemisorption is represented by: 
In unmodified Nafion the sulfonate groups remain largely unprotonated, even at low 
water content (see all 4.4 section). This retards the free migration of protons through the 
membrane, albeit the hydrophilic nature of the sulfonate groups would attract the water 
dipoles. When the long-range coulombic attractive forces of negatively charged 
sulfonate groups are disrupted by the presence of fixed positively charged surfaces on 
the surface of the polysiloxane domains, the protons pass more readily through the 
membrane In other words, in the absence of fixed counter-charges, the long-range 
coulombic attractive force would tend to retain protons located near sulphonate groups. 
Moreover, it is evident that the proton conductivity does not depend only on these 
factors, because of activation energy for proton mobility in hybrid membranes is higher 
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than Nafion. The proton conduction mechanism at low water content and high 
temperature is quite complex and it is probably affected also by the tortuosity resulting 
from the the presence of clusters in the polysiloxane domains, and the dissociation of 
S03H groups attached to the polysiloxane domains. 
4.2.13 Concluding Remarks 
Optimization of the hybrid membrane in terms of polysiloxane retention and 
morphology has been obtained by controlling the recasting process and the oxidation 
procedure of SH groups to S03H groups. 
Two different routes were investigated for the production of hybrid membranes, 
respectively: a) "Slow" evaporation solvent process to achieve a fine dispersion of the 
functionalised polysiloxane domains at nano-sized level, and b) "Fast" evaporation 
solvent process to obtain a coarse segregation of polysiloxane domains within the 
membranes. The results confirm that the sol-gel method is a viable approach to produce 
recast hybrid membranes. 
In particular the following conclusions can be drawn: 
• Infrared spectroscopic analysis confirms that the hybrid membranes obtained 
through the "Preparation Scheme II" benefit from a high retention of silica 
equivalent to 40-55% of the theoretical content; 
• Infrared and l3C NMR results show that the "Fast" oxidation procedure converts 
the SH groups to S03H groups; 
• TGA analysis shows that the hybrid membranes exhibit a higher thermal 
stability than unmodified Nafion; 
• The hybrid membranes exhibit the typical morphology of Nafion consisting of 
distinct hydrophilic and hydrophobic domains. However, the polysiloxane 
domains introduce additional clusters, probably due to the aggregation of 
hydrophilic groups in the inorganic domains; 
• The hybrid membranes exhibit an increase in water vapour sorption and liquid 
uptake due to the presence of additional interactive sites located on the 
functionalised polysiloxane domains; 
• The additional water content and the presence of functionalized S03H 
polysiloxane increases the ionic conductivity relative to the unmodified Nafion 
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at high temperatures (80-1200 e) and over the entire water activity range 
investigated; 
• The enhancement of the ionic conductivity depends on the morphology of the 
functionalised polysiloxane domains. The more interpenetrated and 
homogeneously dispersed are the polysiloxane domains, the higher is the ionic 
conductivity at high temperature. 
The results of this part of the research have been published in the following paper: 
M.Lavorgna, M.Gilbert, L.Mascia, G.Mensitieri, G.Scherillo, G.Ercolano, 
Hybridization of Nafion membranes with an acid functionalised polysiloxane: Effect of 
morphology on water sorption and proton conductivity, Journal of Membrane Science, 
330 (2009) 214-226. 
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4.4 Hydration and molecular interactions in recast Nation and Hybrid membranes 
The following paragraphs report the results relative to time-resolved infrared 
spectroscopic characterization, in transmission mode, for recast Nation and hybrid 
membranes subjected to water vapour sorption and desorption experiments. The hybrid 
membranes have been prepared according to the "Preparation Scheme 11" detailed in the 
Chapter 3. 
The aim of this part of the investigation is to compare the hydration behaviour of hybrid 
and Nation membranes, exploiting the differences in terms of kinetics and water 
molecules species which, in turn, affect the ionic conductivity performances. 
4.4.1 Water sorption by time-resolved FTIR Spectroscopy in recast Nafion 
FTIR spectra have been collected for recast Nation and Hy15F OxF membranes during 
water sorption and de sorption experiments at 30°C and three water vapour activities: 
0.05,0.2 and 0.5. 
The water activities were selected to limit the variation in sample thickness due to the 
water sorption or desorption process. In other words, the absorbed water at water 
activity equal to or less than 0.5 (i.e. about 5% in weight as it can be seen from Figure 
140) brings about only a slight swelling with an increase in the membrane thickness of 
about 2-3% (i.e. determined by preliminary thickness measurements). This increase 
does not adversely affect the interpretation and th~ discussions on the time-resolved 
FTIR spectroscopy results. 
The samples thicknesses were respectively 17f..lrn for Nation and 20f..lm for hybrid 
membranes. 
Figure 149 shows the absorbance spectra of Nation membrane equilibrated at three 
levels of water activity, aw, respectively 0.05,0.2 and 0.5, together with the spectrum of 
the dried sample which is referred to as "dry Nation". 
The sample denoted "dry Nation" was obtained by leaving the sample in the IR 
spectroscopy cell (see Figure 60) at 80°C for 30 minutes, followed by cooling to 30°C. 
All thermal runs were carried out under vacuum in order to remove water previously 
absorbed and to prevent additional water uptake. The spectra were collected in the 
wavenumber range between 4000 and 400 cm-I, which is the region where it is possible 
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to detect the most prominent spectroscopic features associated to the water molecules 
and water-polymer interactions as well as the polymer fingerprints . It is also worth 
noting that the spectra were displayed on two scales (i.e up to 2000 cm-I the increment 
step is of200 cm-I, whereas above 2000 cm-I the increment is 400 cm-I) in order to have 
a better vision of the polymer fingerprints located in the 400-1400 cm-I region. 
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Figure 149. Transmission FTIR spectra for recast Nafion in the dry 
state and after equilibrium at aw 0.05, 0.2 and 0.5. 
The absorption of water modifies the FTIR spectrum of recast Nafion to the extent that 
the most prominent spectroscopic features can be attributed both to the water molecules 
involved in molecular interactions and to rearrangements of Nafion macromolecules to 
accommodate the absorbed water. 
The vibrational absorbance bands (see Table 3) of Nafion polymer are well detectable at 
wavenumbers lower than 1400 cm-I . In particular the absorbance band at 512 cm-I is 
attributed to symmetric O-S-O bending and the band at 653 cm- I is due to the 
asymmetric O-S-O bending. The band at 1060 cm-I is due to symmetric S-O stretching 
of the S03- groups. In the range 1350-1150 cm-I there are two very strong vibration 
bands assigned to the stretching of CF groups 180. These bands can not be observed 
because of their high absorbance. Furthermore in the region between 1000 and 500 cm-I 
can be detected: a) the band at 982 cm- I related to the C-F stretching of (CF2-CF(R)-
CF3) groups, b) the minor bands at 628, 666, 690 and 717 cm-I which are due to 
different types of C-F bending, c) the band of asymmetric C-F bending at 554 cm-I, d) 
the band at 805 cm-I assigned to the C-S stretching vibration and finally e) the 
absorbance band at 971 cm -I assigned to C-O-C stretching l81. 
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It is important to point out that in the spectrum related to the dried recast Nafion there 
are two additional bands, one at 1425 cm-I and one at 920 cm-I due to the stretching of 
the - S020H groups. After equilibration at the various water activities, the bands 
assigned to the S020H groups are not detectable because the absorbed water molecules 
ionise the sulfonic groups resetting their intensityl 82, as seen from Figure 150. The 
absorbance band associated with the S03 - groups increases in intensity with increasing 
amount of water absorbed. 
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Figure 150. Transmission FTIR spectra for recast Nafion in the dry 
state and after equilibrium at aw 0.05 , 0.2 and 0.5 . 
The dry form of Nafion (see Figure 149), in the range 3350-2800 cm-I, shows some 
distinct absorbance bands: a) the band at 2880 cm-I assigned to overtones of the band at 
around 1425 cm-I, b) the band at 3075 cm-I which is probably a combination and/or 
overtone of the polymeric matrix bands. The bands at 3213 cm-I and 3370 cm-I as well 
as the band at 2950 cm-I are less amenable to interpretation, as they may be due to the 
OH stretching of residual water which is likely to exist as H30 + and HSO/ 181. In this 
respect it is worth noting that in the region of water bending mode the spectrum of the 
dried recast Nafion shows a sharp peak at 1700 cm-I assigned to bending mode of 
interacting water molecules (see below for more details). The results confirm that the 
method adopted for the dehydration of the membrane is not sufficient to remove all 
water molecules present as hydronium or as counter-ion to the sulfonic ion. 
As for the spectroscopic features due to the absorbed water molecules, the spectra in 
Figure 149 display "broad" features that are characteristic of absorbed water in the 
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ranges 2400-3700 cm-I, 1550-2000 cm- I and 400-850 cm-I . These arise, respectively, 
from the stretching vibrations (vOH), the bending vibration (8HOH) and the rotation 
mode (i .e. Libration mode) (LIB H20) of water molecules 183. 
Elimination of the polymer matrix by a subtraction analysis (see experimental Section) 
allows us to isolate the spectra of absorbed water in the region of interest. In particular 
the bands of stretching and bending modes related to the absorbed water at equilibrium 
are reported in Figure 151. 
3420 
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Figure 151. Subtraction spectra after water equilibrium at aw 0.05, 0.2 
and 0.5 in the regions of stretching and bending modes. 
The normalized absorbance (i.e. the absorbance divided per the sample thickness) 
increases with the water activity both in the stretching and bending mode bands. This is 
in agreement with the results of the water vapour sorption experiments reported in the 
isotherm of Figure 139, for which the amount of absorbed water is respectively 
approximately 0.8, 2.4 and 5% in weight after equlibration at aw 0.05, 0.2 and 0.5. 
The broad vOH absorbance band consists of at least three sub-bands, which can be 
ascribed to molecular species with different numbers of hydrogen bonds per molecule. 
The OH stretching band related to the non-hydrogen bonded OH groups occurs at 
higher frequencies than the OH band related to the hydrogen-bonded OH. This is 
because the formation of H-bonding interactions causes a weakening of the constant 
force of the vibrating bond resulting in a red-shift of the vibration frequenc/ 83 . 
Following the vibrational analysis reported in literature l84, it is possible to assign the 
absorbance band at 3690 cm-I to the water molecules present in an asymmetric 
environment extending one hydrogen atom towards the polymer rich regions and the 
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other one towards the other water molecules. Likewise in vibrational sum frequency 
(VSF) spectroscopy studies ofwater/CCI4!85 and water/air! 86 interfaces an intense sharp 
band at 3669 cm-! has been assigned to stretching of "free OH groups" extending into 
the organic phase for water molecules close to the water/organic interface. As for 
Nafion membrane, the 3690 cm-! absorbance band can be ascribed to "free OH groups" 
of (H20)nH+ clusters, possibly at the polymer/water interfaces!84. 
The broad absorbance band at 3420 cm-! lies close to the position expected for bulk 
liquid water (i.e 3400 cm-!)!87. Taking into account the ionic cluster model (see Figure 
152) proposed by Buzzoni et a1.!88, the water molecules inside Nafion can be divided 
into three subgroups named respectively "internal" for the complex (H20)nW with n 1-
2, "external" for n 3-6 and "solvation" with n larger than 6. This distinction is made 
possible because in hydrated acids, the distance between two oxygen atoms bound 
together by an hydrogen bond lie in the following regions: 0.245-257 nm for "internal" 
structure, 0.26-0.27 nm for the "external" structure and close to 0.27 nm (i.e. the 
distance in water liquid) for the "solvation" structure. 
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Figure 152. Schematic model of the ionic cluster, (H20)nH+. The 
letters "i", "e" and "f' stand for respectively "internal", 
"external" and "solvation" shells!89. 
On the basis of this coarse schematization, the stretching of H-bonding are expected to 
occur in the regions 1300-2200 cm-! for "internal" structure, 2500-3200 cm-! for the 
"external" groups, and 3300-3400 cm-! for the "solvation" outer layers. 
According to this model the water stretching band at 3420 cm-! can be ascribed to the 
water molecules involved in the "solvation" outer layers of ionic clusters, (H20)nH+ 
whereas the broad band at 3200 cm-! should be due to the vibration stretching of water 
molecules involved in the "external" or "internal" shells. However the interpretation of 
the broad band at 3200 cm-! is complicated by the possible presence of overtones of the 
bending frequency of water or other groups in the wavenumbers region, 2800-3300 cm-! 
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184. It is also worth mentioning that Falk et al. I90 assigned the broad band at 2900 cm-I to 
the stretching band of H30+ ions. 
The bending frequency region, oHOH in Figure 151 displays sharp absorbance bands at 
1640 cm-I and 1700 cm-I as well as broad band at around 1730 cm-I. The bending 
frequency of water changes with its physical state and, in general, it lies between 1595 
cm-I for monomer water in the vapour phase and 1650 cm-I for highly associated water 
in ice, where there is a maximum of hydrogen bond association. In bulk water the 
bending frequency is at 1636 cm-I, so the peak at 1640 cm-I can be associated to the 
bending of water molecules in the "solvation" shell of the ionic cluster, (H20)nH+I8I. 
Note that in the bending region the presence ofH-bonding interactions, due their highly 
directional character, cause a strengthening of the force constant relative to the 
deformations, which is reflected in a blue-shift proportional to the interaction strength 
(i.e. the opposite to that which occurs in the stretching region)183. 
The broad band at 1730 cm-I, in accordance with the literatureI9I , is assigned to the 
asymmetric bending of H30+ species or possibly HsO/ (note that Zundel et alI92 
localised this band at 1740 cm-I). 
By increasing the amount of water (i.e. for aw larger than 0.5) the hydronium signal 
disappears and the bending signal associated to water molecules becomes increasingly 
more predominant 1 8 1. In our case, the bending signal associated with the water 
molecules in the "solvation" shell of ionic clusters increases in intensity by moving 
from the equilibrium at water activity 0.05 to 0.5. This results in an increase in the size 
of ionic clusters (H20)nH+ and in the number of water molecules per sulfonic groups 
(i.e. A which represents moles of water/-S03H) increase. It is interesting that the band 
associated with the bending of the H30+ changes significantly between the equilibrium 
at water activity 0.05 and 0.2 but is unlikely that its intensity changes at higher water 
activity. In fact, as it has been reported for the interpretation of the isotherm related to 
the water vapor sorption characteristics, the first water molecules (i.e. for A 1-2) interact 
strongly with the polymeric substrate up to water activity equal to 0.2 ionizing the -
S03H groups into -S03- and H30+ groups. At water activity higher than 0.2, the water 
molecules cluster around the hydronium ions until the formation of a continuous water 
phase takes place. 
The assignment of the peak at 1700 cm-I is quite complicated. According to the work of 
Ludvigsson et al. 191 , the absorbance band could be associated with the bending 
vibrations of the HS02 + ions. However, it can not be excluded that the peak arises as an 
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artefact of the spectra subtraction analysis. In fact, as shown in Figure 149, the spectrum 
of dried recast Nafion reveals a strong absorbance just at 1700 cm-1, which could cause 
serious difficulties in subtraction procedure if it should shift even slightly during 
sorption. 
Figure 153 and Figure 154 show time-resolved infrared spectra for recast Nafion 
collected during the water vapour sorption at water activity equal to 0.5, both in the high 
frequency region (i.e. stretching and bending modes of absorbed water) and in the low 
frequency region (i.e. absorbance bands of the polymer). 
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Figure 153. Transmission FTIR spectra in the 1350-4000 cm·1 for 
recast Nafion during water vapour sorption at aw equal to 0.5. 
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Figure 154. Transmission FTIR spectra in the 1100-500 cm-1 range for 
recast Nafion during water vapour sorption at aw equal to 0.5 . 
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The modifications that take place during the sorption of water from the gas phase can be 
summarized as following: 
a) The absorbance intensity of the bands associated with the stretching vibrations 
(vOH), the bending vibrations (oHOH) and the libration modes (LIB H20) of 
water molecules in ionic clusters, (H20)nH+ increase during the water sorption 
process. 
In the bending region it is possible to observe that the ratio between the 
absorbance area of the peak at 1730 cm-I and the peak at l640cm-1 is 
approximately constant during water sorption (probably only in the last two 
spectra is the constant ratio altered). This indicates that there may be a local and 
instantaneous equilibrium between the several water populations (i.e water in 
"internal", "external" and "solvation" shells) which contribute to the formation 
of the ionic clusters. In other words it can be inferred that H502 + and larger ionic 
clusters are present even at the lowest water content (i.e. in the first time of 
water vapour sorption) when the average stoichiometry of the process is in 
favour of the monomeric H30+ species. This result is very important and has not 
been reported in the literature before in relation to experimental procedures for 
the water vapour sorption studies. 
b) The bands of sulfonic group -S03H (1450 and 920 cm-I) disappear gradually 
during the sorption and they are completely absent at equlibration. 
c) The band ascribed to the -S03- stretching vibration (1060 cm-I) gradually 
increases with the water sorption and shifts slightly towards lower frequency. 
d) The region associated with the C-F and C-O-C stretching modes is strongly 
affected by the absorbed water. This effect may both be ascribed to possible 
interactions of water molecules with the electron pair of the oxygen in -CF2-0-
CF2- groups or to rearrangements of the branches on the -CF2- backbone 
induced by the steric hindrance of absorbed water molecules. 
According to the spectroscopic data, it can be concluded that the water molecules during 
the sorption aggregate to form counter-ion clusters (H20)nH+ which balance the ion 
charge of the S03- groups. Therefore the hydration process can be summarized as 
follows I 88: 
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In order to have a better understanding of the mechanisms that take place during the 
hydration ofNafion membrane, it is worth considering also the desorption process. 
Figure 155 shows the time resolved infrared spectra in the 1350-4000 cm-I range, for 
the recast Nafion collected during the water vapour desorption starting from the 
equilibrium at water activity equal to 0.5. 
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Figure J 55. Transmission FTIR spectra in the 1350-4000cm-1 range 
for recast Nation during water vapour desorption from equilibrium at 
aw equal to 0.5. 
Desorption of recast Nafion membrane equilibrated at water activity 0.5, leads to the 
following spectroscopic results: 
a) The absorbance intensity of the bands associated with the stretching vibrations 
(vOH) and bending vibrations (oH OH) of water molecules in ionic clusters, 
(H20)nH+ decreases during the first stage of the desorption process (see spectra 
1) and 2) in Figure 155). This means that the initial removal of water molecules 
is associated only with the progressive decrement of the number of water 
molecules in the ionic clusters, (H20)nH+ without changing their total 
concentration. 
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b) Further desorption leads to a decrease of the broad band at wavenumbers higher 
than 3000 cm-l and of bands associated with the bending vibrations, as well as to 
a progressive increment of two bands at 2700 cm- l and 2200 cm- l (see spectra 
3), 4) and 5». This means that, after the removing of the water molecules 
constituting the "solvation" shells, the further removal of water molecules from 
the "external" shells of the ionic clusters leads to the formation H30+ hydrogen 
bonded to -S03 - species. 
c) Further removal of water molecules leads to the collapse of the proton groups on 
the -S03 - groups with the formation of the -S03H groups. This is confirmed by 
the appearance of the absorbance band at 1450 cm- l (see spectrum 6) and the 
corresponding band at 920 cm-I, which is not shown for sake of brevity. 
d) Finally, the persistence (see spectrum 6) in Figure 155) of the bands at 2880 cm-
1,3075 cm-I, 3213 cm-I, 3370 cm- l together with the band at 2950 cm- l confirms 
the presence of residual water molecules that are likely to exist as H30+ and 
HS02+ still interacting with -S03- groups. In this condition a large fraction of the 
sulphonic groups is undissociated. 
Time-resolved infrared spectroscopy data and water vapour sorption isotherms collected 
by gravimetric analysis elucidate the water cluster growth mechanism. That is the first 
water molecules form a small counter-ion cluster (i.e. A=I-2 for equilibrium at water 
activity in the range 0.05-0.2, see Figure 156) in which the H30+ species are clearly 
recognisable by the presence of the characteristic bending band. Increasing the amount 
of water reveals a region where the size of the clusters is increased further· (i.e. A in the 
range 2-3 at water activity in the range 0.2-0.5, see Figure 156) and the water molecules 
therein form the "solvation" shell of the ionic clusters. At water activity higher than 0.5 
(the data are not reported for sake of brevity) the hydronium band disappears while the 
water bending signal becomes predominant. This means that the water forms a 
continuous phase, and the protons are delocalised in the entire water phase. For A.>5 (i.e. 
from water activity equal to 0.8, see Figure 156) the clusters coalesce and the proton 
moves through the water continuous phasel81 • 
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Figure 156. Water vapour isotherm for recast Nafion at 30°C. 
Important infonnation can be gathered by comparing both water vapour sorption and 
absorbance intensity isothenns. Figure 157 shows the gravimetric isothenn measured at 
30°C together with the area of the absorbance peak in the whole water stretching region 
centred at 3400 cm-I. From the data one can produce a plot of absorbance versus water 
content in the recast Nafioni93, as reported in Figure 158. 
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Figure 157. Water vapour sorption and infrared absorbance isotherms 
for recast Nafion at 30°C. 
227 
1,6x105 
1,4x105 
~ 1,2x105 
.£ 1,Ox105 
....J 
ID 8,Ox104 
U 
ffi 6,Ox104 
..c 
CS 4,Ox104 
CIJ 
~ 2,Ox104 
.-
!I .... 
e = 3,55 107 cm/mol 
.. 
•• 
0,0 -¥----r-....------r-....-------.--....-------.--....------.------, 
0,000 0,001 0,002 0,003 0,004 0,005 
Water concentration [mol/cm3] 
Figure 158. Intensity area of the band in the stretching region as a 
function of the water content for recast Nafion at 30°C. 
The total absorbance IS related to the amount of sorbed water by the following 
equationl93 : 
Eq.51) 
where A is the abosarbance area of the peak centred at 3400 cm-I, L is the sample 
thickness, cHP is the average molar absorptivity of water and CHp is the molar 
concentration of water. From the plot in Figure 158, it is possible to estimate that the 
average molar absorptivity of water is equal to 3.55.107 cm/mol by forcing a linear fit 
through the experimental data. The obtained value of molar absorptivity is comparable 
to values reported in the literature 1 83 , which confirms the reliability of the spectroscopic 
approach used in studying the hydration mechanism of recast Nafion. 
Since several water species contribute to the absorbance band in the stretching region, 
Eq. 51), can be rewritten as: 
Eq.52) 
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where ci and Xi represent respectively the molar absorptivity and the water molar 
fraction for the i lh water species. 
The non perfect linearity of the relationship between absorbance versus water content 
implies that there is a variance of Xi at equilibrium with the total concentration 
confirming also that there are several water molecules populations present and that their 
relative amounts change according to the total water content. The higher the sorbed 
water content, the higher the content of water molecules in the "solvation" shells . 
4.4.2 Water sorption by time-resolved FTIR Spectroscopy in Hybrid membranes 
Figure 159 reports time-resolved infrared spectra for hybrid membrane, Hy15F OxF 
collected during the water vapour sorption starting from the dried samples referred to as 
"dry Hy15F OxF", up to the equilibrium at water activity equal to 0.5. 
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Figure 159. Transmission FTIR spectra in the 1350-4000 cm-! for 
hybrid membrane during water vapour sorption at aw equal to 0.5 . 
In the range 3650-2800 cm-' , the dry form of the hybrid membrane shows an intense 
band at around 3450-3550 cm-' along with absorbance bands at 2880 cm-' , 3213 cm-', 
3370cm-' and 2950 cm-' , which have been previously observed for the dry form of 
recast Nafion (see Figure 149 and related discussion for assignments). 
The additional band at around 3450-3550 cm-' may be attributed to either the stretching 
vibrations of OH groups located on the polysiloxane phase as -SiOH moieties' 94 or the 
stretching of water molecules H-hydrogen bonded to the polysiloxane substrate' 95. In 
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the range of water bending the spectrum of the dried hybrid membrane shows a broad 
band at around 1730 cm-!, assigned to water molecules H-hydrogen bonded to 
polysiloxane interfaces. 
It is worth highlighting that the probable existence of water molecules interacting by H-
hydrogen bonding to Si-OH and Si-O-Si or to the -S03H groups of the polysiloxane 
domains makes the interpretation of the infrared spectra for hybrid me~brane quite 
complex. 
However as far as the water vapour sorption dynamics are concerned, the main points 
can be summarized as follows: 
a) Water sorption brings about increase in the absorbance intensity of the bands 
associated with the stretching vibrations (vOH), and the bending vibrations 
(3HOH) of water molecules present either in ionic clusters, (H20)nH+ or as 
water molecules H-hydrogen bonded to the polysiloxane domains. 
In the bending region it is possible to observe that the ratio between the 
absorbance of the peak at 1740 cm-! (i.e attributed to the small ionic clusters 
H30+ andlor HS02l and that of the peak at 1650 cm-! (i.e. attributed to the water 
H-hydrogen bonded to other water molecules) is initially constant, but it 
decreases during the course of water sorption. In the first part of the water 
sorption (i.e in correspondence with the "green spectrum" in Figure 159) there is 
a possibility of an instantaneous equilibrium between the various water 
populations (i.e water in "internal", "external" and "solvation" shells) which 
contributes to the formation of the ionic clusters and to interactions via H-
hydrogen bonding at the polysiloxane interfaces. After the formation of the ionic 
clusters it is possible to verify an increase in the amount of water molecules 
characterized by the absorbance peak at 1650 cm-!, both in the "solvation" shells 
(i.e growth of the clusters size) and in the continuous water phase at the 
interfaces with the polysiloxane domains. 
b) The band of sulfonic groups -S03H (1450 cm-I) disappears during the water 
vapour sorption. 
The same hydration model proposed for the Nafion hydration and based on the 
ionization of -S03H groups and the growth of clusters size, can be proposed as a 
simplified approach for hybrid membrane hydration. 
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It is worth highlighting that in the low frequency vibration region (i.e the range 400-
1400 cm-I) the spectroscopic features associated with the constituent groups of Nafion 
change in the same direction as previously outlined for recast Nafion. The results are 
not reported here for sake of brevity. 
Important information about the several water structures that are formed through water 
vapour sorption can be gathered by comparing the FTIR spectra of recast Nafion and 
those of hybrid membranes at equilibrium sorption conditions. 
Figure 160 shows both the transmission and FTIR difference spectra obtained by 
removing the polymer matrix for both recast Nafion and Hy15F OxF at aw 0.05 and 0.2 
equilibrium. 
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Figure 160. Transmission and Subtraction FTIR spectra in the 1500-4000 
cm-' for Nafion and hybrid membrane equilibrated at aw=0.05 and 0.2. 
By comparing the transmission spectra, it is somewhat evident that the spectroscopic 
features of the various water molecules are identical for both material types (i.e recast 
Nafion and hybrid membrane). In particular in the stretching region are detected the 
bands at a) 3690 cm-' due the water molecules at the water phase-polymer interface, b) 
3420 cm-' due to water H-hydrogen bonded with water molecules and c) 3200 cm- ' due 
to water in HS0 2 + or H30 + ion clusters. 
The total absorbance area in the stretching or bending region is quite comparable and 
confinns that at water activity equal to 0.05 and 0.2 the materials absorb approximately 
the same amount of water (i.e respectively about 1.5 and 3% in weight as can be see 
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from Figure 140). However, it is evident that the relative amounts of the various water 
species are different. The hybrid material at equilibrium displays a lower content of 
water molecules interacting with other water molecules (i.e. the band at 3420 cm-I) and 
a higher content of water molecules involved in H-hydrogen bonding, possibly with the 
polysiloxane substrate (i.e absorbance bands in the range between 2400 cm-I and 3200 
-I) cm . 
It is worth highlighting that the absorbance band at 1060 cm- I associated with the 
stretching of the S-O bond in the S03- groups is shifted slightly towards lower 
wavenumbers for the hybrid membrane compared to the recast Nafion (the data are not 
reported for brevity). This is diagnostic for the interaction R-S03H····Si021 94 and it 
supports the fmdings previously reported in the chemical characterization of hybrid 
membrane by ATR-IR spectroscopy. 
Figure 161 compares the subtraction spectra of recast Nafion and Hyl5F OxF 
equilibrated at water activity equal to 0.5. 
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Figure 161. Subtraction FTIR spectra in the 1500-4000cm'\ for recast 
Nafion and hybrid membrane equilibrated at aw=O.5. 
Compared to recast Nafion the hybrid material equilibrated at aw=0.5 displays both a 
higher content of water molecules interacting with other water molecules (i .e 
component at 3420 cm-I) and a higher content of water molecules involved in H-
hydrogen bonds either in ionic clusters or with polysiloxane substrate (i.e several 
components in the range between 2400 to 3200 cm-I). 
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The total absorbance area in the stretching and bending vibration regions is significantly 
higher for the hybrid material with· respect to the recast Nafion. This result is in 
accordance with the findings of Di Noto et al194 for Nafion hybrid membrane based on 
silica-zirconia suggesting that the water clusters, (H20)n increase linearly with the 
inorganic content. Furthermore these results are in agreement with the water vapour 
absorption data obtained by gravimetric measurements which indicate that the hybrid 
material equilibrated at 0.5 absorbs about 0.5% wtlwt more than the recast Nation. 
The additional amount of water absorbed by the hybrid material is primarily involved in 
the growth of the ionic clusters, (H20)nH+ as well as in interactions by H-hydrogen 
bonds with polysiloxane domains. It is likely that the water molecules interacting with 
the polysiloxane are dispersed throughout the membranes forming a continuous water 
phase at high temperature (i.e temperature~ higher than 80°C) because of the strong 
interactions with the substrate. In these conditions the proton may have sufficient water 
molecules to migrate and thus the hybrid membranes can exhibit a higher ionic 
conductivity than recast Nafion at temperature above 80°C. 
4.4.3 Dynamics of mass transport in Nafion and Hybrid membranes 
The aim of this paragraph is to analyse the sorption and desorption kinetics by 
comparing the results for recast Nafion and hybrid materials on the basis of the time-
resolved FTIR spectroscopy. 
This novel spectroscopic approach allows examination of the sorption and de sorption 
kinetics, through the integration of the absorbance intensity in the stretching or bending 
regions versus time. An example of this is shown in Figure 162 which reports the 
sorption and de sorption kinetics determined spectroscopically by integrating the 
absorbance band ofthe difference spectra in the stretching region (i.e. 2550-3700cm-1). 
233 
60 
.......... 40 
..... 
I 
E 
u 
........ 
« .... 20 
0 
Sorption te~t 
f 
o 
o 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
~ 
:0 
o 
o Desorption test 
o 
o 
100 200 300 400 500 600 700 800 
Number spectrum 
Figure 162. Spectroscopic sorption and desorption kinetics at aw=O.5 
for recast Nafion using the stretching band, vOH. The experiments 
were run from dry conditions to the equilibrium at aw=O.5 and for the 
eqUilibrium to dry sample. 
As previously indicated, estimations of the water content from time-resolved infrared 
spectra can be obtained by using the OH stretching and the HOH bending modes related 
to the absorbed water. The bending and stretching sorption kinetics at aw=O.5 obtained 
for recast Nation are reported in Figure 163. 
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Figure 163. Spectroscopic sorption kinetics at aw=O.5 for recast Nafion 
by using the stretching band, vOH and the bending band, 8HOH. 
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Although the curves relative to the stretching and bending signals do not coincide 
exactly, the difference is very small and possibly insignificant. 
It is worth noting that regardless of the vibrational mode used to evaluate the sorption 
kinetics, the Nafion membrane exhibits a Fickian behaviour due to the linearity of the 
plot of the ratio At/Ainr versus t1l2. By measuring the 'half-time of sorption', (tlL2)1/2' 
(i.e. the value oftlL2 at which At/Ainris 0.5) a value for the mutual diffusion coefficient, 
Dmutual can be determined for each sorption curve. This represents the variable diffusion 
coefficient averaged over the concentration range prevailing in the sorption experiment. 
In other words, the mutual coefficient diffusion is measured from a transient 
concentration regime under nonequilibrium concentration gradient conditions. The 
Dmutualvalue can be determined from the following Eq. 53: 
Eq.53) 
where L is the sample thickness. Using Eq. 53), the diffusion coefficient for water 
vapour sorption has been found to be equal to 1.6 10-7 cm2/sec. The value is consistent 
with the diffusion coefficients recently measured for the water sorption from vapour 
phase by Hallinan et al. l96 by using Time-resolved Fourier Transform infrared in 
Attenuated Total Reflectance Spectroscopy. 
The discrepancy with respect to the diffusion coefficient values determined by the 
gravimetric water sorption analysis (see Figure 141) is about one order in magnitude 
and it may be ascribed to the different conditions used for the experimental 
measurements. In particular in this case the sorption measurements are "integral" (i.e. 
the equilibrium at the desired water activity is obtained by always starting from the dry 
sample) whereas the sorption measurements in the gravimetric mode are all 
"differential" (i.e, the equilibrium at several water activities is obtained moving step by 
step from one to an other water activity). 
Figure 164 shows the water sorption kinetics obtained from the bending and stretching 
absorbance areas for recast Nafion at aw=0.2. 
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Figure 164. Spectroscopic sorption kinetics at aw=O.2 for recast Nation 
by using the stretching band, vOH and the bending band, oHOH. 
In this case, the curves relative to the stretching and bending signals are coincident, and 
a reasonably good superimposition has been obtained for all water activity values lower 
than 0.2 (see Figure 168 for kinetics at aw=0.05). 
The kinetics at aw=O.2 indicate that the Atl Ainf ratio is not linear in the Fickian plot and, 
therefore, the Nation exhibits a non-Fickian behaviour. There are several forms of non-
Fickian behaviour. Case II is a common one that is often observed in glassy polymers, 
where the rate limiting process is polymer relaxation instead of the diffusant 
concentration gradient. A different non-Fickian diffusion is the case where chemical 
reactions occur on the same time scale as diffusion. 
For recast Nation, at low water vapour activity, Hallinan et al. 196 have suggested that the 
diffusion of water is governed by an additional limiting step due to the reaction between 
S03H groups and water molecules. 
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Figure 165 shows the kinetics obtained spectroscopically by integrating from 2550 to 
3700 cm-I the stretching band, vOH both for recast Nafion and hybrid membranes 
during water sorption at aw equal 0.2 and 0.5. The kinetics are reported as absorbance 
versus time, normalised for the sample thickness. 
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Figure 165. Spectroscopic sorption kinetics at aw=O.2 and 0.5 for recast 
Nafion and hybrid membrane using the stretching band, vOH. 
As expected the steady-state absorbance (i .e. the absorbance at equilibration) increases 
with increasing water activity for both recast Nafion and hybrid membranes. The hybrid 
material absorbs slightly more water than the recast Nafion at equilibrium at aw=0.5. 
This finding is in accordance with the gravimetric water sorption data from which it has 
been found that at aw=0.5 the hybrid absorbs about 0.5% wt/wt more water than recast 
Nafion. 
Figure 166 and Figure 167 show the normalised absorbance values of the vOH water 
band, measured at different time intervals during the sorption experiments, against the 
corresponding absorbance values of the DHOH water band, respectively for the recast 
Nafion and the Hy15F OxF membranes. In interpreting these results it has to be taken 
into account the fact that, while the molar absorptivities of the various components are 
significantly different with respect to the vOH water band, the absorptivities in the 
bending region are nearly constant. Therefore if the concentration ratio of the water 
237 
species changes with time during the sorption test, this will produce a significant non-
linearity in the absorbance-absorbance plot. 
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Figure 166. Reduced absorbance (AIL) of the vOH water band as a 
function of the reduced absorbance of the BHOH water band for sorption 
experiments performed at the different activities, for recast Nation. 
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Figure 167. Reduced absorbance (AIL) of the vOH water band as a 
function of the reduced absorbance of the BHOH water band for sorption 
experiments performed at the different activities, for Hy15F OxF. 
For both materials the data deviate significantly from the expected linear behaviour, due 
to an upward concavity. These upper concavities in the curves indicate that the various 
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water molecules involved in the hydration of the membranes evolve with different 
dynamics and that their relative ratio changes with time during sorption. Furthermore, 
the deviation towards higher stretching absorbance for recast Nafion starts later than the 
hybrid membranes. This indicates that, in recast Nafion at low water activities (i.e 
aw=0.05 and 0.2), all water species change during sorption through a local and 
instantaneous equilibrium which persists up to reaching equilibrium at aw 0.05 and 0.2. 
As for hybrid membranes, the presence of additional water molecules due to the 
possible interactions between water molecules and the polysiloxane substrate prevents 
the attaining of the local and instantaneous equilibrium prevailing for sorption at low 
water activities. 
Furthermore, the upper concavity of the curves in Figures 166 and 167 indicate that the 
contribution of the low frequency components to the stretching band (interacting 
species) becomes increasingly more significant with increasing water concentration in 
the sample. This is consistent with the growth of ionic clusters, (H20)nH+ which is 
expected to depend on the total water content. 
Figure 168 shows the water sorption kinetics derived from the bending and stretching 
absorbance for recast Nafion at aw=O.05, 0.2 and 0.5. 
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Figure 168. Spectroscopic sorption kinetics at aw=O.OS, 0.2 and O.S for recast 
Nation by using the stretching band, vOH and the bending band, oHOH. 
The sorption kinetics at aw=0.05 reveals clearly the non-Fickian behaviour of Nafion 
and the existence of a time lag for the absorption process which could be attributed to 
the limiting step resulting from the interactions between the incoming water molecules 
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and S03H groups. These interactions prolong the time it takes for water to reach the 
"bulk" polymer resulting in this extended time lag. 
It is evident that the time required to reach the non-steady transition becomes shorter 
with increasing water activity due to increase III the rate of sorption and the 
corresponding diffusivity coefficient. This result IS in agreement with the results 
obtained in gravimetric water sorption experiments. The mutual diffusion coefficient 
increases with increasing water vapour activity and goes through a maximum at 
intermediate water activities. 
According to the kinetic results it is possible to conclude that recast Nafion exhibits a 
Non-Fickian behaviour when exposed to low water activities (i.e. aw=O.OS and 0.2) but 
it assumes a Fickian behaviour at moderate activity (i .e. aw=O.S). 
Figure 169 shows the water sorption kinetics for recast Nafion and Hy1SF OxF derived 
from the stretching absorbance area at aw=O.OS, 0.2 and 0.5. 
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Figure 169. Spectroscopic sorption kinetics at aw=O.OS, 0.2 and O.S for recast 
Nation and HylSF OxF by using the stretching band, vOH. In the inset are 
compared the kinetics at aw=0.2. 
Similarly to the behaviour of the recast Nafion, for the case of the HylSF OxF 
membrane, the time required to reach the equilibrium is shortened by increasing the 
water activity due to the increase in sorption rates and, corresponding diffusion 
coefficients increase with increasing water activity. Furthermore, by comparing the 
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sorption kinetics for the hybrid and recast Nafion, it is evident that the hybrid membrane 
shows a limited Non-Fickian behaviour at low water activity (see inset of Figure 169). 
Since the presence of the polysiloxane domains inside the recast Nafion does not 
modify the sorption water mechanism, which involves the preliminary ionization of the 
S03H groups (see discussion related to the Time-resolved Infrared Spectroscopy), it can 
be inferred that the non-Fickian behaviour depends also on polymer relaxations. As 
stated by Benziger et al. 8o the inorganic domains may constitute a "rigid scaffold" 
which prevents both polymer relaxation and swelling during water vapour sorption. 
4.4.4 Concluding remarks 
The use of time-resolved infrared spectroscopy in the transmission mode has made it 
possible to obtain a good understanding of both water vapour sorption and desorption 
processes, elucidating the molecular interactions that take place between water 
molecules and substrate. 
In particular it has been found that: 
• The sorption of the water molecules in Nafion membranes involves first the 
ionization of S03H groups and then the growth of ionic clusters as (H20)nH+ 
which act as counter ions for the fixed sulfonic groups. Increasing the amount of 
water absorbed causes the hydronium clusters to increase in size until the water 
becomes a continuous phase. 
• The sorptionldesorption mechanism of water vapour molecules in hybrid 
membranes is similar to that described for neat Nafion, i.e. ionization of acid 
sulfonic groups and growth of the ion clusters. However, the presence of 
polysiloxane domains makes it possible for additional water molecules to 
interact through H-bonding. Since these water molecules are dispersed 
throughout the membranes they allow the formation of a water continuous phase 
at high temperature (i.e temperatures higher than 80°C) which allows the hybrid 
membranes to exhibit ionic conductivity higher than recast Nafion. 
• Recast Nafion exhibits a strong non-Fickian behaviour in water vapour sorption 
kinetics at low water activity (i.e. aw 0.05 and 0.2). Hybrid membranes, on the 
other hand, exhibit only slight non-Fickian behaviour due to the presence of 
polysiloxane domains. These act as a scaffold preventing molecular relaxations 
in surrounding polymer chains. 
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CHAPTER 6 
6.1 Conclusions and Suggested Future Research 
6.1.1 Conclusions 
Hybrid composite membranes based on Nafion polymer have been prepared by both 
infusion and recasting procedures. The inorganic component consists of a polysiloxane 
network produced by the sol-gel route. Mercaptopropyltrimethoxysilane (MPTMS) and 
tetraethoxysilane (TEOS) have been used as organic precursor for the inorganic 
network. The MPTMS has been used as an additional source of acidic groups through 
the oxidation of SH groups to S03H groups. 
The hybrid membranes have been exhaustively characterized by using several analytical 
techniques in order to understand their behavior relative to that of the corresponding 
unmodified Nafion membrane, particularly with respect to the enhancement of proton 
conductivity at high temperatures and low water contents. 
The following conclusions can be drawn from the analysis of the results related to the 
various objectives of the present study. 
• The hybrid membranes obtained by infusion and recasting methods are highly 
transparent. The compatibilization of the two main components, i.e. Nafion 
polymer and polysiloxane domains, takes place through a self-assembly 
mechanism which causes the formation of nanosized domains. 
The following conclusions can be drawn for the hybrid membranes obtained by infusion 
method: 
• The thermal stability of hybrid membranes deteriorates relative to the 
unmodified Nafion and the m~mbranes display an unsymmetrical distribution of 
polysiloxane domains throughout the sample thickness. 
• The introduction of a polysiloxane network by infusing the precursor solution 
into a pre-swelled Nafion membrane increases the rate of water vapour sorption 
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and enhances the proton conductivity in the middle temperature range (40-
70°C). 
• A key parameter governing the performance of polysiloxane hybrid membranes 
is the MPTMS/TEOS ratio. The hybrid membranes obtained by using the higher 
MPTMS/TEOS ratio (i.e. 65/35 wtlwt) exhibit a higher proton conductivity in 
the range of temperature 40-70°C at lower water activity (004-0.5). 
The following conclusions can be drawn for the hybrid membranes obtained by 
recasting method: 
• Two molecular structures of silica, i.e. cyclic and linear siloxane, have been 
identified. The relative amount of the two types of silica depends on the pre-
hydrolysis time, the MPTMS/TEOS ratio and the theoretical silica content. In 
particular a) the lower is the pre hydrolysis time the lower is the content of 
cyclic silica, b) the lower is the MPTMS/TEOS ratio the higher is the content of 
cyclic silica and c) the lower is the linear silica content the higher is the yield of 
silica after the oxidation process. 
• The hybrid membranes exhibit an enhanced thermal stability relative to 
unmodified Nafion, providing an improvement of about 40-60°C for both the 
decomposition temperatures of the S03H groups and fluorinated backbone. The 
presence of the polysiloxane domains affects only slightly the formation of 
crystalline domains in the Nafion phase. 
• The functional performances (i.e. water vapour sorption, proton conductivity 
and methanol permeability) of the hybrid membranes, which depend on the 
morphology and the extent of phase separation between hydrophilic and 
hydrophobic domains, can be tailored through the appropriate choice of 
processing variables such as composition of the inorganic precursor solution, 
evaporation rate of solvents, thermal treatment and oxidation procedure to 
transform SH groups to S03H groups. 
• The presence of polysiloxane domains affects only slightly the characteristic 
morphology of Nafion membranes providing a distinct separation between' 
hydrophilic and hydrophobic domains. However, the presence of polysiloxane 
domains provides additional ionic clusters, as a result of the aggregation of 
hydrophilic pendant groups in the inorganic domains, particularly at low water 
contents and at high temperatures. 
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• The hybrid membranes show an increase in water vapour sorption and liquid 
uptake due primarily to the presence of additional interactive hydrophilic sites 
located on the functionalised polysiloxane domains. 
• The increased water content and the presence of S03H groups on polysiloxane 
domains increases the ionic conductivity at high temperatures (80-120°C) and 
over the entire activity range investigated relative to the unmodified recast 
Nafion. The proton conductivity of hybrid membranes at lOO°C and 120°C is 
double the value found for the neat Nafion membrane. 
• The enhancement in ionic conductivity depends on the morphology of the 
functionalised polysiloxane domains. The more interpenetrated and more 
homogeneously dispersed are the polysiloxane domains, the higher is the ionic 
conductivity at high temperatures. 
Infrared spectroscopy analysis has provided evidence for the following: 
• The sorption of the water molecules in Nafion membranes involves first the 
ionization of S03H groups and then the growth of ionic clusters (H20)nH+ which 
act as counter ions for the fixed'sulphonic groups. Increasing the amount of 
water brings about an increase in size of hydronium clusters, so that at high 
levels of water absorption the water becomes the continuous phase and acts as 
channels for the movements of protons. 
• The sorptionldesorption mechanism of water vapour molecules in hybrid 
membranes is similar to that described for neat Nafion membranes, i.e. 
ionization of acid sulphonic groups and growth of the ion clusters. For the 
hybrid membranes there are additional water molecules interacting through H-
bonding with the polysiloxane domains ensuring that a continuous water phase 
is retained even at high temperature (i.e temperaturs higher than 80°C). Probably 
in these conditions the protons are surrounded by a sufficient number of water 
molecules to facilitate their movement and give rise to a higher ionic 
conductivity than recast Nafion. 
• Recast Nafion exhibits a non-Fickian behaviour during water vapour sorption at 
low water activity (i.e. aw 0.05 and 0.2) whereas the hybrid membranes exhibit a 
Fickian behaviour for all water activities examined. It is suggested that the 
polysiloxane domains act as a scaffold inside the membrane retarding the 
viscoelastic relaxation of the polymer by the absorbed water. 
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6.1.2 Suggested Future Research 
The understanding of the water state inside unmodified Nafion and hybrid membrane 
obtained by both infusion and recasting methods represents a key issue which need to 
be studied further because the state of water molecules in the membrane correlates with 
important transport properties such as proton conductivity, water vapour sorption and 
methanol permeability. In this respect, two-dimensional correlation (2D-FTIR) 
spectroscopy, which represents a new approach in the elaboration of dynamic infrared 
spectra, may provide a feasible and reliable tool for increasing the understanding of the 
dynamics of water sorptionldesorption events in ionomeric membranes. The 
spectroscopic approach will enhance the spectral resolution and make it possible to 
correlate the several interacting and non-interacting water species with possible 
rearrangements in the chemical structure of the polymeric substrates. 
Again, more detailed morphological information of the ionic domains and inorganic 
structures would enhance the findings of this dissertation. Small angle scattering studies 
(SAXS) performed at high temperature as well as changing and controlling the water 
content of the Nafion and hybrid membranes may reveal more information about the 
extent of phase separation between hydrophilic and hydrophobic domains and elucidate 
the transport phenomena occurring in hybrid membranes. 
In addition to the transport properties, it would be interesting to study the effect of the 
inorganic component on the mechanical properties of hybrid membranes at high 
temperature (Le. temperature higher than 120°C). The presence of the inorganic phase 
should enhance the modulus of the material and also delay the onset of the viscoelastic 
relaxation within the proton conducting polymer which has been linked to a decrease in 
proton conductivity. The growing demands of fuel cells able to operate above 120°C 
require mechanically stronger and dimensionally more stable ionomeric membranes. 
Finally, in order to capitalise on the results of this dissertation and to evaluate the 
efficiency of the hybrid membrane prepared by infusion and recasting methods it would 
be necessary to fabricate and test Membrane Electrode Assemblies (MEAs). Carrying 
out this test in the actual working conditions of methanol or hydrogen fuel cells would 
provide the verification of the real enhancement of the performance of hybrid 
membranes obtained by introducing acidic functionalised polysiloxane domains in 
Nafion polymer by a sol-gel approach. 
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